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SUMMARY

We wish at this time to stress one most important advance

achieved during this period in our work to attain newly powerful

high-resolution gratings. In only 9 months time the 32 inch x
20 inch grating ruling engine, designed by us according to our
Report #1 was completed and delivered on 30 August 1965 by the
Moore Special Tool Company, at a minimal cost of only $32,050,
for the engine as shown in our Fig. 1.

As a result of exhaustive tests which we have carried out
since September 1, 1965, we are now in a position to report a
complete success in all of the motions of the two carriages
over their ‘32 inch traverse. With the teflon bearings which
we designed-- in contrast with previously used and notoriously
unreliable oil bearings-- we have achieved

1. Perfect uniformity in translation motion(in the

direction of the x-axis) 'in the 10_7 inch range, without

any stick-slip (See Fig. 2).

2. Absence of yaw (rotation) about a z-axis (normal to the

grating plane), the tolerable rotation being inferior to
a smoothly varying .43 sec on the main carriage and to
1.23 sec on the support carriage.

3. Absence of pitch (about a y-axis in the grating plane,

normal to the x-axis translation) inferior to a smoothly ,

varying i.5 fringe on the main carriage and .75 fringe on

the support carriage (in a 5 inch lever arm).

These important and certainly nottrivial results (in

comparison with for instance the status of delivery of previous
comparable engines using hydraulic lubrication) may be taken as

having gained perhaps one to two years in advancing the completion

of this research, notably because of the simplification in the
diamond control system and carriage design which may now be
undertaken, on the basis of these accomplishments.

*
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DETAILED REPORT

1. DOUBLE-SCREW ENGINE CARRIAGE TRANSLATION
MEASUREMENTS

Fig. 1 shows a photograph of the new engine, constructed
according to our design given in Report #1 (Fig. 1). Apart
from outstanding workmanship, and the utmost mechanical precision
essential, and used, in completing this engine, the single most
important feature is the use of .007 inch thick 'rulon' (teflon)
bearings, cemented onto the double-vee meehanite bearings with
"Garlock 20" epoxy adhesive, and scraped in the best mechanical
fashion for perfect fit. (The immediate success in the rulon
bearings, in spite of some serious questions raised regarding the
wisdom of using teflon bearings, has no doubt also resulted
from the long experience of us in astronomical instrument design
(0.C.M.) and in ruling engine work (G.W.S., F.D., P.W.), and :
notably from out work (G.W.S. and F.D.) on the M.I.T. ruling engine
with Dean G. R. Harrison as well as from the work of one of us
(G.W.S) on the engines at the Jarrell-Ash Company in Newtonville,
Mass. and on the engine at the Jobin et Yvon Company, in Paris).
Fig. 2. shows the regularity of motion achieved at a speed of
1/3 fringe (i.e. 31648, that is about 3 x 10-6 inch) per second
with the teflon bearing carriages. (The more widely spaced fringe
signal was obtained with our "synthesized fringe" interferometer,
described in paragraph 1 and Fig. 1 and Fig. 2 of our Report #2).

2. CARRIAGE ROTATION MEASUREMENTS

These were carried out with the aid of the '"alignment
interferometer" previously described by G. W. Stroke (J. Opt.
Soc. Am. 51, 1340-1341, 1961). (Copy enclosed). We recall that
this interferometer remains as perhaps the only simple inter-
ferometric tool for immediate and rapid measurement and assess-
ment of carriage rotation motions in the interferometric domain.
Basically, the "alignment interferometer" consists simply of a



"folded" Michelson Twyman—-Green Interferometer, in which both
mirrors are supported on the moving carriage, and move essentially
at the same rate away from a fixed beam splitter, except for

small rotations, which manifest themselves as small fringe shifts.
Because of the simultaneous increase of the optical path difference
in both arms of the interferometer, very rapid measurement of
rotations over very long traverses are possible. For example,
once installed, a single measurement over the entire 32-inch
traverse may take less than five minutes. 1In the case of our

new engine, we have found our carriages to be perfectly straight
within uniform smooth small rotations inferior to 43 seconds

of arc on the main carriage and 1.23 seconds of arc on the support
carriage. These results are quite superior to previously

designed ruling engines, and should permit considerable
simplification in the interferometric servo-control requirements
and indeed the mechanical design of our moving diamond carriage

system.

3. CARRIAGE PITCH MEASUREMENTS

A vertical rotation interferometer (shown in Fig. 4.) has

also permitted us to measure the pitch of the two carriages and
to verify the excellence achieved according to our teflon-bearing
engine design. We have found our main carriage to be perfectly
straight within a single uniform smooth small oscillator along
the entire 32~inch traverse inferior to 2 seconds of arc, and
inferior to ¥ 3 seconds of arc, at a medium height of some 5 to

6 inches above the grating plane. (The pitch in the carriage and
grating planes are proportionally still smaller, of course).

4. DIAMOND-CARRIAGE SYSTEM DESIGN

" The above results for the carriages supporting the trans-
versal diamond-carriage system (see Fig. 1 of our Report #1)
now permit to embark on the detailed design of this system.
Progress and further experimental results regarding this part
of our research will be given in our next report. Unusual
requirements for excellence in instrument making workmanship and
" ver direct supervision continue to be essential in the pursuit
of this work.



5. HANDBUCH DER PHYSIK ARTICLE ON "DIFFRACTION
GRATINGS"

The 225 printed~-page article (plus figures) by Professor
G. W, Stroke is now in the final printing and proof-correction
stage. The enclosed copies of the proof-pages 187a to 187y
dealing with Section 88. Some of the modern ruling enginesJis

enclosed as a private communication, and part of this report.

6. ARTICLE ON A "SOLUTION OF THE NON-HOMOGENEOUS HELMHOLTZ
EQUATION FOR OPTICAL GRATINGS WITH METALLIC AND
DIELECTRIC BOUNDARIES

The article by R. C. McClellan and G. W. Stroke has now

been accepted for publication in the Journal of Mathematics

and Physics (published by the M.I.T. Technology Press,

Cambridge, Massachusetts. The results of this rigorous
electromagnetic boundary solution for gratings should set the
stage for new improvements of grating efficiency, with results
quite comparable to those pertaining to the increase in grating

size.
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Reprinted from JourNaL oF THE OpticAL Sociery or AMerica, Vol 51, No. 12, 1340-1341, December, 1961
R Pristed in U, 8. A

An Alignment Interferometer for Precision Straightness-Measurements
and Control Even of Rapidly Moving Carriages
GEORGE W. STROKE

Depariment of Eleciricad Engincering and Research Laboralory of Electromics,
Massachusells Institute of Technology, Cambridye 39, Massachusells*t

{Received July 17, 1961)

A new, easily adjusted and very stable interferometer, defining a semistatic fringe fieckd by reflection on
two mirrars, has permitted a simple solution to the problem of rapid and accurate alignment of moving
carriages, of fixed reference beams, and of carriage-ways in the interferometric domain. Precisions in the
(1.1 sec-of arc range are easily obtained in visual work in rotations up to minutes of arc, without the usual
limitations of slow {ringe counting and of loss of fringe contrast at large path differences in particular, In
jart, the {ringe contrast is independent of the distance from the reference support to the moving mirrors in
this interfernmeter, and permits measurements and alignments over traverses and distances of many feet if
required. Precisions in the 0.01-sec of-arc range and better can be oblained with the help of electronic
location of interference fringes. Fxperiments with carriages moving at rates up to 1-foot/sec and aver
distances of the order of 1} t have demonstrated the versatility of the alignment interferometer in varinus
applications, in particular in the alignment of ways on a velodity of-light apparatus and on ruling engines.

AS shown in Fig. 1, the alignment interferometer
consists of a folded two-beam arrangement with
one beam-splitting and three reflecting mirrors placed
an a hixed support so as to have almost the sume path
fengths S0 and SBCD from the beamesplitter 10 a
“moving” mirror (D) in the two arms of the inter-
ferometer. As long as the moving mirror (DY) moves
in the y direction without any rotation about the z axis,
the path lengths in both arms SAD and SBCH increase
by the same amount and no fringe shift is observed in
the interferometer. Any rotation about the z axis
changes the path difference (SAD SBCIY) and results
in a fringe shift observable at R.

The mirrors are so adjusted as to obtain an eqyual-
inciination ring system! in the focal plane of the lens
1.2, which permits both visual and photoelectric detec-
tion with an unvarying fringe contrast, independently
of the v distance of the “moving” mirtor: the path
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Fic. 1. Alignment interferometer.

* Part of this work was cartied out in the Spectrascopy Labora
tory of the Massachusetts Justitute of Technudogy,

¥ This work was supported in part by the U0S. Army Sigma)
Ceorps, the Air Force Office of Scientifiv Research and the Otlice of
Naval Research, and in part by funds received under contract
with the Geophysics Research Directorate, Air Force Cambiridge
Research Center, Air Research and Development Command.

t4;, W Stroke, J. Opt. Soc. Am. 47, 1097 (1957, 48, 276 (1958,

lengths in both arms are indced seen to vary by the
same amount, except, of course, for the small change
which is, precisely, a measure of the rotation about the
2 axis,

One notes that the distances SA4, SB, and BC would
have had to he exactly the same if a “zero’ path dif-
ference (SADD-SBCD') had been desired. In fact, a
suitable small path difference- of the order of a few
millimeters and appropriate mitror adjustments re-
sult in the desired appearance of the equal-inclination
ring sy<tem in R. I the r asis is chosen to coincide with
D17, then the four interferomeler mirrors are set
approximately at 45° to this axis. The adjustments are
not critical at all, of course; the only requirement is the
coincidence of the outgoing beams reflected from D and
D', One can easily sce by symmetry that the interfer-
omeler is sensitive only to rotations about the z axis,
and insensitive to rotations about the x axis as well as
to translations in the v direction. A very rapid motion,
of the order of 1 ft/sec, has been found to be perfectly
tolerable in a straightness measurement over a 1-ft
traverse.

An extended light source is used for both visual and
photoelectric detection of shifts in the ring system
formed in R, when displacements of a given ring are
measured. In visual measurements, a reticule and eye-
piece used in R bave permitted easy measurement of
fringe shifts of the order of 0.1 fringe {in the green, at
5461A) which corresponds to about $.02 sec of arcon a
10-in. lever arm DJY *® For photoelectric detection, the
system for “electronic location of interference fringes”
previously described by J. Peters and G. W. Stroke? is
patticularly suited: we have already reported a sensi-

t One inch ef;{uals approximately 100000 fringes at 5461 A
{green mercury line) nnd‘ 1 sec of are equals approximately 5/100
radians. Thus 0.1 fringe in a 10-in. lever arm correspondds to about
171 radians {or 1/50 sec of arc).

3. Peters and G. W. Stroke, J. Opt. Soc. Am, 43, 668 (1953);
43, 1201 (1033},
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tivity of the order of 1/400 fringe, which corresponds to
0.0005 sec of arc on the 10-in. Jever arm.4

The rotation-measuring fringe-shift observed in the
R planc follows well-known and simple laws, identical
to those characteristic of the position of Fabry-Perot
rings®: it can be easily calibrated for any particular case
by simply referring the fringe-shifts to a scale deter-
mined by the diameters of two successive rings. In
particular, when one ring takes the place of another, the
difference between the distances SAD and SBCT) has
simply changed by one fringe, and similarly for an
integral number of fringes within the range in which the
diameters of the rings do not appreciably change with
an integral change m order of interference (SAD-
SBCIY)/A. No caleulation is required in null alignments
or adjustments for which the interferometer is most
ideally suited.®

The alignment interferometer has been applied in
particular to the alignment of the grating-carriage wavs
on the M. L. ‘T ruling enginc: an over-all straightness of
about one fringe in a 10-in. arm and over a 10-in.
traverse was obtained in less than 1 hr and indepen-
dently verified with the help of the “two-interfer-
ometer” rotation-measuring  system which we  had
previously designed for this purpose.”®

St is clear that very large rotations up to minutes of arc can he
measured with this interferometer by using somewhat shorter
lever arms (with a4 in. lever arm, a passage of 120 fringes theough
the field can be easily read and gives a total angle of about 1 min
of arc): for this purpose, it may also snmetimes be of advantage
2o restrict the aperture widths of the mirrors (5) and (6) in the
x diredtion and use apertures in the form of “slits’ with their
length parallel to the z axis!

» . Jacquinot, Repts. on Progr. in Phys. 23, 267 (1960).

8 The “equal inclination” ring fringe system formed by this
interferometer, as a result of the path-ditference deliberately
introduced between the two beams, gives it an essential advantage
in {ringe position reading accuracy over a “zero-path” difference
interf[eromcter using a wedge between the beams and producing
an *‘equal thickness’ line-fringe system, such as the alignment
interferometer deseribed in U, § Patent No. 2,880,044 (April 7,
1959) by E. M. Brockway and 1. R, Herriott: that interferom-
eter applies a Kisters double image prism assembly for both heam
splitting and the attainment of the necessary “lever arm’ and
angular rotation sensitivity, and is thus generally also further lim-
itedl By the available prism dimensions to only muck smaller
sensitivity values than the wnes considered in the alignment
interferometers using mirrnrs and an equal-inclination ring system
di~cussed in the present work.

* (. R. Harrison and (. W. Stroke, J. Opt. Soc. Am. 45, 112
{1055), 50, 1153 (1960).

5 (. R. Harrison, N. Sturgis, S. C. Baker, and G. W. Stroke,
§. Opt. Sac. Am. 47, 15 (1957).

* A straightness of better than .02 fringes acroxs the inter-
ferometer arm is obtained in this engine with the help of the “two-

STROKE Vol. 81

The alignment interferometer is also heing applied to
the measurement of the straightness of motion of the
moving piston in the M, 1. T. microwave-cavity-
resonance, velocity-of-light apparatus® of which the
design principles have been described by G. W. Stroke
and J. R. Zacharias.®

When control over very long traverses is desired, a

suitably reduced atmospheric pressure will reduce any

possible turbulence in the interferometer arms. In our
experience so far, no cuch difficulties were encountered.
Straightness of travel about both the z axis and the
% axis, normal to the » direction of motion, can be
maintained and measured with the help of two align-
ment interferometers and two “moving-mirror” systems
pMaced at right angles to each other. It is clear that the
alignment interferometer can be used for accurate
alignment, with respect to a suitable permanently
adjusted “interferometer support” (sce Fig. 1), of a
mechanical beam or other apparatus carrying the {3)
+ (6) mirror system. It is also clear that the mirrors
(5) and (6) do not have to be a part of the same mirror
at all. In fact the light beams AD and CIY do not even
have to be parallel, and the mirrors (5) and (6) may be
deliberately set to move at some angle to each other in
certain applications.
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interferometer” servocontrol system which operates from the
difference between the two fringe signals produced hy the motion
of two portions of a long mirror, moving at the rate of ahout 2.5
fringes/sec. A fringe rate of ahout 40 fringes/sec, usable for
measuring purposes, would require about 23 hr for a single
straightness reading over a 10in. traverse with the'‘two.inter-
ferometer” system, while this reading can now be obtained in only
a few minutes with the new alignment interferometer described
here.

® | R. Zachanias, G. R. Harrison, G. W. Stroke, S. J. Mason,
and €. L. Searle, Mass. Inst. Technol., Research Lab. Electronics,
Quart. Progr. Rept., (January 1§, 1956), p. 68,

(. W. Stroke and J. R. Zacharias, Mam. Inst. Technol.
Research Lab. Electronics, Quart. Progr. Rept. (October 15,
1938), p. 69.
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TISRERE starrers and appropriate shields ta avoid lag mn the senang and suppress tempuorature
asciilations. A period of 1210 18 hours s asually required toraise the engine and ail to aperating
copditions.

The control of the M.LT. engine room is maintaned to about ¢ 2/100°7 Cat
the point of control, and the air is constantly gently stirred by slowly rotating,
and moving, fans. Control-air is blown into the engine room from an outer room,
at a peint where that room is contrelled to about 4-0.18° C. And finally, the n
outer room is itself controlled with air from the main laboratory, maintained to
about +0.5° € by means of the air-conditioning system previously described in
1932 by K. T. Compron (loc. cat. ). ’

Rascock and Bapcork (loc. cit.?, p. 780) report that the Mount Witson
machine E

"

. is housed 1 a double-walled, aluminum-tol-lined enclosure with windows and
removable panels. A constant-aperd fan circulates air wittun the enclofure and a thermostat
holds the temperature dusing ruhing to 24.04 0.005° . The temperature of the outer room
is controlied to 0.1 C." oy

88, Some of the modern ruling engines. «) The new Johns Hopkins Ruding Engine.
A first description of this engine was given by Jonx STRONG in 1951 (Inc. cit. )
and additional details on its performance in 1960 (loc. cit. ¥). 6-inch gratings
are being regularly ruled on this engine, ’

A schematic diagram of the Strong engine s shown in tig. 137. Lt is to be
compared to the diagram of the Rowland vngine shown in Fig 138

In SrRONG'S engine, the diamond carrage is advanced with'the help of the
two counter-rotating screws, while the ruling of the groove i accomplished by '
moving the grating blank under the diamond carriage, after it has been stopped.
The purpose of the two counter-totating screws is to help in averaging out errors
inherent in anv one of the screws. ) ’

As reported by Joun STRONG in (o6 (loc. at. % < The new engine was successful, and
three rephicas of that engine have becn made

Complete details on the design, construction and experiments with his new
engine are given by SToNo in his 1031 article floe. cit. ™. A photograph of the -
engine is shown in Fig. §§J. and some details on the squared lapping nut used
to obtam a helix concentric with the beanings is shown in Fig. m
_ Jouy StroNG's engine undoubtedly represents the finest and most sophisti-
cated example of ' built-in"" perfection successfully achievable in a ruling engine.
As described by STrRONG:

; Design principles.

“A principle which guided Rowland in his original design was *that no workmansahip is
postect; the design mast make up for Hs imperfections. ' RowrAND'S imphed meaning has
afforded a basis for many of My own inpOvAtNN.

A subsidiary principle bas had onsiderable influence mi my design - the principle of
prerconstraint and elastic averaging. This prneiple contrasts with the ponaple of kinematical
design-instruments of the very highest precision are not attamable after the teachings of the
latter. ’

After my prinniple of nverconstramnt with elasty gverdgimg, one uscs a multiplicity of
small ronta ting areas, sach provided with euough elasti ity to accommodate 'var‘xahle oil
films, foreign matter, inhomogeneity of elastwity of the constraincd member, lack vf truth
in the generated surface of the constianed member, and wear., Upavoidable errors at any one
of these many areas will be elastically averaged to give a far more precise resuitant Incation
of a ruaving part than one would get from comstructions designed after the kinematical prin-
ciple which this type of construction contravenes Varied applications are described later.”" %

. A Kowrasp The Screw, Encyclopaedia Brttania X)
¥ | STRONG: Procedures in Experimental Physivs, p. §8%. New York: Prentice-Hall, Inc.

1938,
1872
Handb. der Physik, Bd. 29 Stroke Springer-Verlag, Heidelberg
1. Kot Univ.-Druckerei H. Sturtz AG., Wiirzburg

29, 12. 1965 ) Mskr. 4334824 Fahnen a-—¥ | .
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On lapping. | e

" The new design requires great precision of construction. The main difficalty of precisiod
metal ronstructions of such members as a lead screw lies i the operations of lapping soft
metals, which materials alone are sufficently stable mechamically and free from aging. 1t is
not inappropriate therefore to say a few words abuut the lapping procedurs. The lapping
operation brars the same relation to precise mechanical constructions that “hguring ' with
a pitch pelishung fap bears to precwe optical work, Adthough metal surfaces may be seratcherd
or grooved {owing to generation being of the cvlindnical rather than the sphevical type) and
although they may be lesx true locally than polished, hard surfuces, elastic averaging gives
such lapped metal surfaces a prectsion of performance vomparable with the truth of optical
surfaces " %

Further details on the lapping and other procedures used to achieve truly
unique mechanical precision are given in the onginal paper, As noted by StroNG
(lov. cit. 8) in that paper:

“The satisfactory performance of the new engine s the result of the exceilence of its
compuneits, and espectaliy to PERRY 'S prompt assay of their operating characteristics, in
ensembie, and his skiliful and sure adjustmenta "' ®

B) The Mount Wilson ohservatory engine (before comtrol). Basvcock and Bans
COcK (loc, eit. %) reported in 1951

“Within the past three years, about 20 blazed plane gratings having a groove length
s3 inches and a wirdth of 74 inches have been ruled here.

These gratings were of high quality “in all respects” and could be produced
“with fair regularitv . A general view of the engine, described as the I3 engine is
shown in Fig. 139. As described by Bancock and Barcork in 1951 (loc. cit. 9):

“The present satisfactory performance of the " B machine rests, in our opinion, upon
these consuderatians

{1} the geametry of the modified design which tends to eluninate the troublesome vrrors
cncountered i most earher machines

(2} the use of a graphite thrust heanng for the serew, .

(3) the use of stable, stress-f1ec maternials for critical parts, and surface-hardened Nitralloy
stecl for the wavs, in combination wath graphite shiders,

{4} improved technique in the production and use of ruling diamonds;

{5} the superlative tool-room skill of E. D PPravl, who made or finished nearly all the
cntical parts and whn made important contnibutions ta the design as well,” ?

Some of the construction details, as given in the original paper Joe. cite )
are as follows:
Design.

“The mamn frame ot the machine is & symmetneal, compact, deeply-webbed iron-nickel
casting, resting upon three thermallv-insulated supports on a concrete pier. This casting
supparts the ways of the grating carriage, the screw with its spacing gear, and the crossway
of the diamond carriage. A separate casting on a separate foundation carries the crankshaft
with 1ts flv-whell and cccentries, the spacing cam, and the cross-head; thus possible sources
of vibration are 1solated from the cntical parts and possible objectionable deformation through
setthing or warping is minymized.” ? ’

Screw,

the < rew has a threaded length of 200nches and a diameter of 2} mches; the pitch 18
1§ mm. It was made from a selected bar of Xoo 30 Rethichem Machinery Steel (0,414 percent
carbon) which after ronghing was carefully anncaled in a vertweal position. The thread angle
is 32, the thread ront 1s relieved by a devper barnished graove Great care was taken in
cutung the thread to make it as nearly perfect as possible before lapping was commence
Lapping, which was completed in 145 hours distnhuted over five months, was carried out
with the screw i a vertical position and with the two halves of the lapping nut counter-
weighted. The halves of two long lapping nuts were used in all poasihle comhinations; three
short nuts were used for local work and for testing. The cnds of the screw are fitted with
hardencd Nitralloy steel streves, pressed on and pinned | as lapping of thexe journals progressed,
they were tested with an overhanging optical lever supported by & long nut. The screw was

® Witpug PERRY: The Johas Hopkins University.
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tested for straightness and uptformity with the Fabry. Perat interfernmeter as described by
Axnersoxt! until no errors canld be detected, Varioux other components of the machine
wore likewise tested with the Michelson interferometer.,” #

Bearings.

“The bearings in which the screw furns are of Mechante {(cast iron) and arv about two
inches in lengds. They are not self-aligning. Fach isin three parts, the cap being sphit paraliel
to the screw. The two parts of the cap are dowcled and srrewed to the lower part of the
bearing. Contact area is hmited to theee 307 arcs spaced at 120, one being at the bottom
I'he bearings were lapped on & dummy screw,” ?

Nut.

“Fhe ant s gt mches an lepgth and s divided into lalves, the dividing plane being
vertical. Tt wus prepared be centafagally casting a hard nw kel babbitt into a steel shell
huving 12 internal dove-tail grooves Faeess babiatt was then turned nut ta leave 12 segments,
atter which the nut was sawed i half and theeader! The nnt s assembled with a demountabie
spring and pivot-pomted screws at each end. Kotation s prevented by two cight-inch fins
beaning on & straight-tdge below the serew The thrust of the two halves of the nut is trans.
mitted by two twoinsh batl ended push rods to the appostte sudes nf an equalizing collar
that 1s attached to the gratng carmage by two short stads, through bending, permgt a slight
rotation of the tollar about a vertioal axis, These pushorods, which fit anto hardencd steel
cones, ehminate anv concern about the sag of the screw or about lack of parallchsm between
the screw and the ways, also they would minumize any pediadie ertor due to lack of straight-
ness of the serew, thaugh no corvature or “drunkeness” has been deteeted The nut is lubri
cated with Spindle Onl Na. 1 (B F, Houghton and Company }; ats fit is so good that as shown
by cross-ruling tests, ool fiims as well as strams are equalized within a few cycles ot operation
after the marching is started.”” ?

End thrust.

“Oni the end of the Screw oppueate the spacing gear s miounted a dhamond, cast in phosphor
bronze. The chamiond was figured fat to 1 wave and adjusted, byoa reflection test, to be
perpendicular to the axis of the srrew 10 a small fractum of a second of are 5 For vears we
cmployed a hard metal sphere as the fixed part of the beaning, but all too often tins broke
down as the resalt of capping or scormng. Thrs difficulty was solved 1n March, 1048, when we
imtroduced a grapmite compound as the fixed part of the beanmg. A short, firmly supported,
coaxil stulr of this matenal® about 1.5 mm an diameter forms an excellent beaving surface
tor the diaing The graphite is rebeved by a verv small hole at the center. We find that a
shghtiv pitted snrlace, formed by boning on groaid glass, performs better than a completely
smooth surface. No sclf abigning featare 18 necded. In our machine the thrust ioad is abeut
seven pounds. '

Spacing mechanism,

" The prinaple of this mechamsm, which was taken over from the A’ machine, s due
to Jacoming. \ thrust-pin, dnven by a crank, moves through tapered helical groove in a
evhindrual cam once vach cycle, causing the cam ta rotate through one turn. The thrast-pin
is retriacted from the cam on the return stroke by a wedge device that s activated by an
ercentrie with a loat motion connecting rad Through three spar gears, the intermittent
totation of the «am is transmitted 10 a Nitralloy sorm which is in medh with the %00 tooth
spasing gear attached 10 the end of the man serew The mechanism is smeoth 1t operation
and has the poeat advantage that by a simple change ot gears a wide vanety of grating spacings
is available Gears on hand perout spaang from 200 1o 1500 grooves per mm, but the greaer
part of our ruling i done at either 400 or Goo per mm Wear of the hard steel worm s negligible,
and. as Andersan showed vears ago, extreme preetsion 1 the spacing gear is not required 4,
Ouar spacing gear was carctullv lapped, howover, both agamst a sipgle lappang worm and agamst
three coopdinated worms spaced at 120, As used for some vears, this svstem gave what is
often vonsgdered an arceptablv low pertodic error, such that the wtensity of the first Rowland
ghosts 1 the ruled gratings was about 0001 of the parent line in the firsst-order spectrum, In
1040 ghost inteusity was further reduced by 2 factor of 25, however, by the addition of the
retatively simple penod compensator shown, The spacing worm has a small end-thrust
bearing of its own, which is mounted vn a fine-pitch screw. A lever, attached to this screw,

4 ] A, Axpgrson: The manufacture and testing of diffraction gratings. Glazebrook's
Dictionary of Applied Physics 4, 3031 {1923)
® Grapbitar, a product of the U.S. Graphite Company, Saginaw, Michigan.
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and bearing on the flat surface of a large disk mounted obliquely on the hub of the maln
spacing gear, generates a very smafl escillatory longitudinal displacesment of the spacing worm.
This escillatory correcting motion has a penod eqnal to the penind of rotation of the main
screw, its amplitude and phasing were adjusted {ollowing the study of cross rulings. The
mechanical advantage is snch that the throw of the cam is reduced by a factor of about one
million in its effect om the correction of the position of the grating camage, yet the correction
is “ rigul " and readily controllable. Ia adjusting the machine to ruje gratings with Rowland
ghost intepsity lesa than 0.00004 in the tirst order, the amplitude of the permitted periodic
error in groove spacing ix held to less than 2 240 Tinch 79

Additional details are given by Barcock and Bascock? concerning the
grating carriage and the diamond carriege:

Ihamond carriage.

“in hex article on the ruhing ensgine, Anderson properly rated the diamaond carriage, or
rubing carnage, as the part of the machine presentimg the greatest difficalty ' The demands
are truly enormous when 1t is conawhaed that in rihng a siogle gratung the diamond should
move m the sane straight hine gpwards of 100000 times without lateral deviations of more
than a fraction of & miero-dnch; that the carnage muost reverse jits direction of motion at each
end of the stroke, and that it i3 supported and guided by ways subject to waer and influenced
by oil {ilms. [t has been gur experirnce that whale 1t is not toe difficuit to obtain satisfactory
performan: e with groove lengths up to three or four inches, the errors are hikely to be much

“more troubdesoane when langer grooves are rialed. The statement 18 sometimes found that since
the errors of posttion of the diamond carnage are usually random an nature, they are of httle
consequentce compared to penodic errors. Bat as Anderson pointed out, such random errors
lead to a flare of flane hight centered an cach emission line an the spectrmm (we have emploved
the term 'local seattenng’ for this). Thiy local scattenmg broadens strong emission hines and,
inan absarption spectram, is an insudious source of illing 1o of absorption profiles

A number of ruhing engines, including RowraNn's have emploved a four-footed diamond
carriage moving on two parallel wavs; usuallv the wavs are tlat topped, with the sides vertical
or nearly 0 The weight of the carriage s taken hy the flat top, while in theory the cnitical
lateral definition as supphied enturely by the steep sides (spring loaded m opposite directions
at the two ends) We have intenduced three modilis ations in the design of the diamond carnage.
The first an 10931 was to sapport and guide the brdge tepe carmage by a divided monorail,
the tuling duvmond working 1n a gap on the axis of tins ral Stability of the carnage about
this horzantal axisas provided by an outngger at one end of the carriage, niding on an ancil
lary parallel ral The advantages are that amy rocking of the carniage will not dasplace the
diamond from its proper path, that the carnage s lighter. and that fitting it to a single rait is
far simpler than fitting it to two o 1980 we replaced the flattopped monorall by a cvhndrical
rail, siightly over one inch 1n diameter. This ratl is of Nrrranioy | it was fuirst centerlessground,
then lapped 1n a lathe to a high degree of straghtness and uniformity by STrRONG'S method
of viscous constramnt of the lap® The tength of the bar was onginally 41 inches so as to span
the gap over the grating carriage and thus to pesmt accurate inishing of the six supporting
Vs Later, two 12anch sections were cut from the bar and mounted coaxially in the supports.
Fach end of the carniage, which Lridges the gap over the gratimg blank, is fitted with an in-
verted Graphitar V-block four mches long; the actual bearing arcas on the round way are
two strps about A . wide Jocated on cashoside, 337 from the top of the way. These contact
strips were finished by broaching on the grooved end of the onginal long bar. The advantages
realized with this design are that each end of the carnage centers atsetf on the round wav under
gravity alone, ol tidhms are self-equalized on cach sude, wear results only in an insignificant
lowering of the diamond but not in a lateral displacement; and hugh precision is attained with
far less labor than in fuushing a flat-tepped wav  Furthermore, while wear of the Nitralloy
under the tightly loaded Graphitar is very slow, the ways may be rotated after a few years
to bring fresh partions of the steel surface 1to use. The dhamond rarrage 1s an alummum-
alloy casting weighing 13 pounds. The necessary reaprocating motion i transmitted to it
from the cross head by a sightly resibent coupling ink " ?

A very important innovation in the mountng of the diamond was also in-
troduced by Bascock and Bastotk and described as follows (loc. ait. %),

Diamond mownting.

“Another modification of the diamond carmage, ntroduced some ten years ago, 18n the
manner of supporting the diamond. Long experience with pivot beanngs of different types,
for permitting the diamongd to rule a groove on the pull stroke of the carnage and to be raised
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{rom the surface on the return stroke, showed that nonc of these was fully satisfactory, Either
variations in prvet-bearing friction produced non-uniformities in the roling, or & lack of
definition in azimuth cansed accidental eerors, The pivots were finally discarded in favor of &
support based on the Cardan lumge, or flat spring. The assembly s shown in Fig. §] Four
shart springs of 0.002-0. steel are nsed; twe of these springs, erosswed at 99”, support each end
of the transverse hurizontal rocking bar to which the diamnnd lever is attached. These springs
allow the diamnd only the one permissible degree of fresdom, but 1n this there i good
complicance, such that a ten-gram load will detlect the diamond about one mm, Much weaker.
springs might well suffice. As will be wen 1u the figure, the diamond in ity shunk is attached
to the diamond lever by a clamp which peomits adiustment for groove angle and for angle
of attack. Low inerua of the rocking parts obviates any troublesoine vibration doning ruling.
The whole diamomnd support s adiustable for devation and for azimuth by means of micra-
meter serews. In setiing up a grating biank on the isachine; the plate 15 first Jevelled. Then the
unlsaded diamond is adjusted by the cevation mierometer o be just tangent to the surface,
Finaly the load 15 added to the upper part of the diamond shank. On the retuen stroke, after
a groove has been ruled, the diamond s ratad about one haif mm from the plate by a cam-
actuated push-rod whuh descends on the oppaside cnd of the diamond lover,

The performance of this diamond cartiage has been satisfactory, our repent gratings made
with six-anch grooves show virtualiv mo local seattering, and high resolving power is now
consistently achieved. Random and accidental errors have been practeally eliminated.” *

The new method of diamond mounting bas found wide acceptance in ruling
engines, especially for the ruling of plane gratings!s 333

Some additional details on the rubling diamond, as used on the Mount Wilson
engine are also given by BAarcock and Barcock (loc . #):

The vuling diamond.

“An carher paper by one of us® of desstibes the development of the carved-edge diamond
ongin ated by Axoerson and the design ol gratings having a hagh concentration of hght in
chosen onder, which s, of course, of particular vaportance i astrononcal appheations. Such
gratings for the visual and photographe regron of the specttum are now often referred to as
blazed gratngs. [t may be remarked that some ot the very fine speculum gratings ruled - by
ANDERSON at Johns Hopling Universaty prior to 1910 have very good concentration of light
in one neder: these were produced with a natural diamond edge. Later, at the Mount Wilson
Obseryvatory, ANpErsoN and facomint constiucted a machine in which two convex conical
surfaces bavig radit ot the order of onemeh, are cut and polished on the diamond. The inter-
sen tiert of these two surfaces is 4 sharp curved edge, which in use 1s tangent to the surfac
of the blank  The metal 18 pressed to either side, leaving o smooth, burmshed groove For a
typical stone the meluded angle g 105 | the angie of the ~shallow ™ side 15 1+ from the hor
zontal, and the fengih of the cdge is about one millaneter, In the Gnal stages of fimdhing on the
diamond lap, the edge must be examined freqently umder a high powe? mucroscope with
strong lateral illunuoation. Nicks i the edg may then be detected by therr diffraction effects,
they must be completely elimmated until the edge appears perfect By changing the angle
of attack of the stone, five or six different sections of the curved edge may be nsed in turn,
cach section ruling perhaps several gratings. before the diwmond needs refinishing. A good
stone may be used almost indefinitelv in this way. For groove angles of about 15, we find
that a lead on the diamond of 15 to 20 grams 15 required if the spacing is 600 per mittlimeter,
and 35 to 45 grams 1if the spacing is 400 per millimeter.”

In might be noted in coaclusion that it was this same Mount Wilson Observa-
tory engine which was placed by H. W. Bascock under interferometric control in
106212 (see also Sect. 88,9), after Harrisox and STROKE! 2 had demonstrated in
1955 through 1061 the dramativ further improvements that could be attained over
" built-n " mechunical * perfection”” with the help of interferometric servo-control
(see also Wects, 88,1, 88.4).

The performance of a 209 mun wide " Babcock” gratng in a large S0t
vacuum spectrograph was determined with great care m 1950 by A, KriTH
Pierck®, Photographs of the hypetfine structure of the mercury line 4 5769
showed a resolution of 630000 in the Sth order. In the 1ith order of Hg 4 2573,

- A 'Kﬁ{rix Pierce: Performance of an Eight-Inch Babeock Gratimg in a large Vacuum
Spectrograph. J. Opt. Soc. Amer. 47, 6-—14 {(1957).
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the resolving power was estimated by Pierce to be 1200000, The instrumental
profile, the intensities of the satellite lines, and the ghost intensities were deter-
mined by photoelectric scanning of the green 4 5461 mercury line. The half-width
of the “apparatus function” was found to be some 15 % wider than the thearetical
value.

The amplitude of the periodic error is sumewhat difficuit to estimate, inasmuch
as the ghosts of the second order {6, Sect. 55) have 2, respectively 2.8 times the
intensity G, of the ghosts of the fint order. For a purely harmonic error, GG}
(<ee Sect. §53, the first-order ghosts order being ~cme 4 tines more intense than
the “‘second-order” ghosts. Piercr (loc. cit. %% estimates” the amplitude of the
periodic etror to be about 1/125 of the 17000 A spacing. that is approximately
8 x 17 A, which is representative of good mechanical engines.

Scattered light in the Sth order, after careful correction for the contribution
by the wings of the Jines, and ghosts, was estimated to be 0.7%. PIERCE notes
that the scattered light remained approximately constant from order to order,
and did “not appear to vary with the square of the order”. As a result, PIERCE
estimated the scattered light to be the non-dispersed scattered light in the spectro-
graph 2,

y) The interferometrically controlled M. 1. T, engine. y1) Generaldescription,
The principle of intetferometric control of a continuously moving carriage, used
successtully to rule 10-inch diffraction gratings on the M 1.T. rulng engine, was
first desenibed by Harrison and StrokEe (loc cit. 1) an 19355 and is deceptively
~sunpte!®. To rule a perfect grating, it i~ sufficient to make the instantancous
distance of the grating carnage from the start of the ruling be rigorously pro-
portional to the accumulated ' postion™ which the diamond tip has reached
since the start of the first proove as it rules the grooves, always in the same
“ruling plane | in a cyclic motion across the grating. The position of the diamond
tip 1s measured by the accumulated angular position of the motor shaft that drives
the diamond carriage and is taken as a reference. (Departures from linearity in
the diamond veloaty across the grating, along the groove length, can be simply
corrected by mechanical means if necessary.) The instantaneous position of the
grating carriage with respect to the start of the ruling 1v measured interfero-
mctrically with the belp of an interierometer mirror ryndly attached to the grating
carriage and moving with it, and the sturt of the ruling is materialized by another
mirror and beam splitter which are mamtained in a fixed position with respect
to the “"ruling plane . The grating carriage is made to advance at approximately
the correct rate with the help of the ruling engine screw and an electromechanical
gear system, connecting the diamond shaft to the serew through a differential.
A grating-position control motor i also connected to this differential. jIf, as a
result of mechanical imperfections in the engine and the screw, the grating car-
riage i~ incorrectly positioned by the direct drive, then the grating position error
appears as an electrical signal The error signal is produced by comparison of the
instantancous amplitude of the nterferometric fringe sygnad (obtained from a
phota-multiplier tube) and the instantaneous amplitude of the diamond-position
reference signal {obtatned from a signal-generator which is also geared into the
diamond shaft). The grating position-error signal is made to rotate the servo-control
motor in such a direction as to continuously und constantly maintain the grating
in its correat position with respect to the start of the ruling and the diamond
position by appropriately adding or subtracting to the carriage motion determined
by the rotation of the engine screw, which is itself driven by the diamond shaft.
A schematic diagram of the servo-control loop used in the control of the carriage
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translatinn an the M LT. ruling engine 1s shown in Fig. 140 and photographs of
the engine in Fue 141 amd in Fig. 142, Details of the screw and of the diamond-
carriage linearizing mechanismare shown in Fig. 143 and 144, A view of the engine,
upon its arrival from Chicago in 1948, 1s shown in Fig. 145, [t serves to show how
much modification the M.L'T. engine has undergone (as described by HARRISON
and StrogE) from its original Michebon Gale forn (as attained bytot 1948). A view
of the control room is shown in Fig. 146, Interferometric. wave-front studies of
gratings ruled on the M.LT. ruling engine with this control scheme have demnon-
strated that grating imperfections could arise even on an interferometrically
controtled engine, unless one alse controlled any rotation, about a vertical axis
passug through the translation-control muirror if necessary {that s when rotations
result from any curvature of the grating-cartiage wavs). Moreover, ruling errors
will arise in an interferometricaliy cantrolled engine if the grating plane (diamond
tip) does not coincide with the center of gravity of the control-interferometer
mirrors, in case of rotations {or “tips ') about horizontal axis normal to the raling
direction. Finally, second-order ruling errors can also result, if unchecked, from
a combination of interferometric and servo-control effects, as we show below,
Moreover, ~ince the groove spacing, nnder interferometric control, is determined
by the wavelength of a hght source inair, 1t i also necessary to either maintain
constant atmosphernie conditions during the course of the ruling, or to measure
any atmospheric variations, to compute their effect on the ruling and to correct
for them if they have occurred. HaRrISOX and STROKE!? have found it preferable
to use a simple analogue computer to correct for the effect of atmospheric varias
tions, and in particular for the effect of pressure variations which have, by far,
the largest cffect.

The idea of controlhng the ruling of gratings with the help of interferometers
can certainly be traced all the wayv back to M HELSON# who used interferometers
and visual fringe settings to improve the quality of his ruling-engine screws,
Harxisox (loc. cit. 8) refers to W W, Hanses of Standard University as having
undertaken work on mterferometric control before his untimely death. Even a
patent 4 on some of the obvious advantages of interferometric control of o ruling
engine was granted in 1950, although without any mention of the crucial im-
portance of the need for compensation for barometric changes of the wavelengih,
necessary for operation in air, etc. Mure recently H. W. Bancock (Sect. 88.9)
has adopted interferometric control to the stop-and-ge motion of the Mt. Wilson
Laboratory engine in Passadena, with pressure-correction similar 1o that used
on the M LT, engine. However, rather than continnously correcting for errors as
they occur (as is done on the M.LT. engine), the crror actually introduced into
the prating on the s-th groove is corrected by shifting the following (n 4 1)-th
groove in an attempt of minimizing cumulative and local errors. Since extended
errors are more harmful to high-resolution gratings than residual local and
periodic errors, it is probable that cutstanding gratings will result with this
methad, on the Mt Wilson engine, even though it does not aim at as complete
a ruling control as that achieved in the method orginated by Harrisox and
STROKE in 19537 and subsequently expanded by Harrison etal. in 1957,

# A A MicHeuson Astiophys . 18, 278 (190%). - Nature 88, 362 (1912). -~ Studiesn
Optics. Chucago: Chicago Umiversity Press 1927, reprinted 1962, p. 86.

“ROF. StaMmM. US Patent 2327338 (Inffraction Grating Ruling Engine), Applied for
(et 12, 1946, Granted Oct. 24, 1950,
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STROKE (1957, 1958)%, HarmisoN (1958)%, Harrison et al. (106f) %, HarrisoN
and STROKE (1900)%7, STROKE (1961)3.

It is known that both the Bausch and Lomb Company of Rochester, N.Y. and
the Jarrell-Ash Company of Newtonville, Mas<. have adopted the Harrison and
Stroke scheme of interferometric control to engines in their ruling laboratories,
and that other laboratories are preparing similar control, See following sections.

As a general order of magnitude, the good gratings ebtained on the MIT.
engine by 1964 were found (loc. ¢it. B to be superior by lactors of 100 to the
famous gratings ruled by Rowiaxv and ANDEKSON at the beginning of this
century, and in the early 1020°x Tig. 147 1eproduces for comparimon two low-
angle (457) wave-front interferograms, one of a plane grating ruled by 1. A.
ANDERSON in 1914 on speculum metal on RowLAND'S engine, and considered as
very good at that time, and the other of an early grating ruled under mterfero-
metric control on the M.L'T. ruling vngine. 1t is apparent from the discussion in
Sects. 20, §1 to 59 that RowiAND'S gratings were considered to be so good at
their time because they were meant to be used only at very low angles, up to 10°
or s0 in autocollimation, where the wavefronts were some 4 times better and the
spectral quality of the gratmgs some 10 times beiter than here at 45°,

How mudh care needs to be exerted in comparing grating perfortnance, with
oy the help of resolution photographs or hvperfine structure (hfs) patterns as
has been a practice in the past, becomes clear when the his of Fig, 148 is compared
to the structares of Fig. 149, Unlike the patterns of Fig. 149 which were photo-

graphed with MULT. gratings 143 and 07 on a fast spectrograptuc plate 103 aF

in only 30 sec, the his of Fig. 148 was obtamed with the same first-generation
grating 97 of Fiz 140 but now on a Iow-contrast, rather <low and considerably
finer Panatomic-X [1lm. An exposure of 1§ min was required m Fig, 148 to attain
a density comparable to the hfs of Tz 149 A considerably hetter appearance of
the his results under the conditions of Fyz. 148 which, it is known, tend to conceal
the existence of spurious sateliites and weak ghosts and are uwsaally unpractical
for spectrographic purposes: the hfs of grating 87 taken on the finegrain film
of Fig. 148 would in fact erroneously tend to favor this grating when compared
to the his of grating 113 taken on the coarsegrain plate in Fig. 149, For the purpose
of working comparison, the hfs patterns of Fig 149 were obtained with both
gratings undet normal spectrographic vondite = an fact the hfs of the twa grat-
ings were actually photographed on the saine plate and with the same exposure,
in an attempt to bring out the component « with the most similar density possible
(which was almost achieved on the plate). It is quite apparent from Fig. 149
that a group of satellite lines described by s appears in the use of grating 97 with
a density very similar to the density of component a: the satellites s result in a
broadening of the lines from grating 97 when compared to the new grating 143
(where no such satellites appear and where the resolution is noticeably better under
identical conditions) The wave-front interferograms of Fig. 149 are not subject
to any such phutographic effects: their power’in grating assessment and engine
improvements has now been established and clearly appears from the com-
parisons.

® G W Stroke: Photoclectric fringe signad information and range aterferometers
with moving mirrors. J. Opt. Soc. Amer. 47, 1097 - 1103 (1957} ; 48, 276 (1058).

45 R HaBmiso¥, N. STURGIS, S P DAvis, and Y. Yamapa© J. Opt. Boc. Amer. 49,

208--211 (195%).
41 G. R HarrisoN, and G, W, Stroxe: J. Opt. Soc. Amer. 50, 11531158 {1960).
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That the quality of the MULT. gratimgs is indeed being attained as a result of
interferometric control is illustrated by the low angle (107) interferogram of
Fig. 150 when compared with ANDERSON's grating of {9g. 147, it is seen that
without control the M.LT. engine does not produce an acceptable grating even
for use at the lowest possible angles around §°, while the controlled engine is
capable of producing the outstanding grating of Fig 149.

The engine control-conditicns winch have resulted in the rubing of high-
resolnion gratings of the quality of grating 143 are bnelly described below.
Experience has shown that their systematic use will indeed combine to result in
the attainment of outstanding, flat, high-resolution gratings when ruled under
wnterferometric control

First, it 1~ 1 order to give some backgroum! concerning the origin of this
engine'®,

The baswe mechanical parts of the 4 ch ruling: engine were construeted nnder
the direction of AU AMICHELSON 1in 1000 a4t the Umiversity of Chuago. The
engine was modified there in the 1930°s by H. G, Gare, F. Pearsox, T. T
O DoxxEre and others, and in 1948, 1t was presented to G0 R, Harrison at
M. LT, in a form about two-thirds {iniched. As deseribed by HARRISON, STROKE
and associates, this engine has since been completed, madified further and put
under interferometric control. As aearly as 1950, a number of excellent plane
grating~ up to 8-inches in ruled-width had been obtawned®, under simultaneous
interferometrie control of both translation and rotation, Further improvements,
resulting from refinements in imterferometer adjustments and increased stability,
eventually resulted in the outstanding gratings described by Harrisox and
STROKE in 1900 and 1004 ¥+ 2.

22 Some details of the contro!l svstenm. Only some of the less obvious
details of the interferometric control sv~tem are given here. Additional details
are found in the original papers. Most of the techniques deseribed are being found
useful in laser interferometry and machine-tool control.

Adjustments of interferometers for grating-ruhing control. Un-
called-for corrections might be introduced by the photoelectric servo-medchanism
into the ruling engine if the intetferometer-mirror motion results in an nstant-
ancous flux distribution across the mirror aperture which does not properly
represent the grating position. Errors can resait in particular from improper
location of the center of gravity of the mterferometer-mirrors with respect to the
grating plane.

An cqual-inclination ring fringe-system obtained from flat mirrors 1s used for
the interferometric control of the moving grating-blank carriage on the M.LT.
ruling engine as shown i Fig. 151, The green 3361-A Ime is abtained from a
Meggers Hg 198 tube excited in an electtodeless discharge at about 200 Melsec
and cooted by a moderately strong air current at about 707 1%, Only small portion
of the central part of the ring system is ssolated by & circular diapbragm (source
hole} placed in the focal plane of the collimator leas. The flux transmitted through
the interferometer, and modulated as a resnlt of the motion of the moving mirror,
at the rate of § fringe cycle for every § 4 of carriage advance, is focused onto a
931-A phatemultiplier tube A representative fringe signal obtained on the MLT.
engine 1x shown in Fig, 1520 1t = smportant that the source hole be acrurately
centered on the common normal to the moving and reference mirems, which s
also the center of the ting svstem in the focal plane of the collunator. The dia-
meter of the rings decreases with the mirror separation according to well-known

W, F Mrcorrs and F O, Westras. | Res. Nat Bur, Stand 44, 347 (1050}
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laws, and a source-hole aperture of 1 mm diameter (in the focal plane of the 1 m.
collimator) is chosen as so to correspond to only a small fraction of the eentral
fringe at the maximum mirror separation of § inches used in the ruling of 10-inch
gratings. It is essential not only to center the hole by autocollimation on the
mirrors, but to center it actually on the ring svstem Although this was pointed
out in the original paper by Hakrison aud STROKE (1955) dealing with the
principle of the interferometric control nwd on the MUIT. engine, experience
has shown that some additional clanfication to what i roeant by “interferome-
tric’’ centering may be desirable (STROKE 1901) 2 An cccentricity of only 1 mm
in the focal plane of the § m collimator will indeed result in the additional count
of an entire fringe on either extreme of a 1¢-inch grating, which may be sufficient
to uceount for the curvature of some of the 10-indh gratings previously deseribed,

The source hole can be casily centered by first setting the interferometer to
some small micror separation of, say, 20 to 0 mm. After bringing the two source-
hole images into comcdence 1o the usual manner, the straight-hne {noge system
located in the vicinity of the mirrors can be observed with the help of a low-power
telescope. When the interferometer mitrors have been made as parallel as possible
by spreading out the iringes, a very clearly visibie ring fringe-system will be
abservable m the planc of the extended Hg 198 tube if the telescope has been
refocused on the source hole, and the seurce hole then vemoved. If the telescope
cross hair 1s brought to coincide with the center of the ring system, and the source
hole is replaced into 1ts position in front of the He 198 tube, it can be casily moved
until its mmage coincides with the cros< hair of the undisturbed telescape. An
adjustment within 0.1 mm in the source plane (corresponding to about 1/10
fringe of grating tlatness) is casily achieved.

Any local change i fringe-~ignal amplitude will be interpreted by the servo-
control as a translation error of the control-mitror involved. If the amplitude
change is caused by a local mirror-parallelism vanation. an uncalled-for cor-
rection mav result and an error might be introduced into a grating at a place
where it was properiv positioned by the fringe ficld. The rotation control about
an axis nornal to the grating plane and to the direction of grating advanece helps
in suppressing eflects resulting from rotations about vertical axes. But rotatinns
about a horizontal axis parallel to the gratings plane and norinal to the direction
of grating advance will result in both a simple geometrical ruling error (when the
mterferometer mirtor aperture is not centered on the grating plane) and i a
more subtle error caused by a combination of interferometric and servo-mechanical
origins. The geometrical error can be simply taken care of hy centering the inter-
ferometer mirror aperture on the ruling plam mthm thf- tolerances of the order
of 1 mm, as appears from Fig. J{]l The fringe-signal amplitude vanations across
the mirror aperture which result from rotations about the horizontal axes - and
which attend the use of a plane mirrors - may, however, still lead to ruling errors
unless their effect is also rendered negligible. The fringe-signal amplitude referred
to here is that by which one usually describes the amplitude of the penadic
signal: it is not the instantancous value of the fringe-signal {which does, however,
depend on the amplitude, ot course). Local ertors up to § tringe would result in
the gratings ruled on the ML T. ruling engine before the new corrections were
carried out by Stroke (1961)2 (Fig. 153 to 154) The effect discussed here had
also been predicted nn theoretival grounds (STROKE 1957), and it was shown that
it increases with the number (or fractional number) of fringes in the interfero-
meter aperture (for imperfectly parallel mirrros), or alternately with the size of
the aperture in presence of the number of fringes in the aperture. The new im-
provement consisted simply in masking down the vertical height of the inter-
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ferometer aperture to about 10 mm or less. [t rematos, of course, essential to
locate the center of gravity of the ainterferometer apertare <hit on the plane of the
ruling.

One might note, m conclusion, that the mutor location problem is somewhat
different in interferometric spectrometers P MICHELSON (1927)9, Fericert {1931,
1958)%, JAcQuiNoeT (1954, 1938, 1960)%, CONNES (1900, 1901)%1 there the
motion of interest is that of the mirror or the corner-cube itself, and it is sufficient
that its own position be correctly measured and controlled. In the controlled ruling
of gratings, the interferometric element s generally placed at some considerable
distance from the groove that i< being ruled: it 1 the difference in translational
components between the grating and the interferometers which tends to resalt
in ruling errors it permitted to remain uncorrected. It s 1 fact the problem of
correctly pusitioning the grating over its entire traverse when moving over rather
imperfect ways which has made it so difficult to attain bigh-resolution gratings,
even with interferometric control. ’

Rotation control Trasnlation control abone, i the direction of blank
advanee, has been found to he insuffirtent on the M T T, ruling engine, as a
result of the vanous motatons caused by the balls on which the blank-carnage
rolls in the course of its advance, and as a result of the curvature of the evlindrical
wiays which guide the balls [HARRISON, STUrGis, BAkek and S1ROKE (1957) )
More classical ruhing engine wavs, such as the "doublevee ™ ways already used
by Rowraxn, may alse cause rotation prablems, i particular as a result of
Iubrication irregularities.

With the help of an alignment interferometer, the wavs can be easily and
rapidlv adjusted to an - ecrage straightness of 1 fnnge (measured across a
to-inch interferometer «ony over the fomch traverse in @ horizontal plane
(STROKE 1901} % A sketch or the alignment interferometer, according to STROKE 33,
is shown in Fig. 155

In the ruling engnne, the lacal parallelism of the grating advance continues to
be maintained with the help of an interferometne servo-mechanism identical to
one used in the transiation-controt loop (Fig. 140) by comparing the fringe signals
obtained from two regions of the <ame mirror placed some 4-inches apart, as
Hustrated in Fig. 156 One of tiese mirror regions 1s located exactly above a
prefoaded ball-bearing pivot and the - atire grating table is rotated by the inter-
ferometric rotation-control servomes harism about a vertical axis defined by the
ball bearing and passing throagh the fiant of the translation mirror, The trans-
lation control results 1n aceurate positioning «f the grating-carriage within about
47100 fringe (about + 0.003 @ or 310 Tinchy over the t0-inch traverse, and in
maintaining the paratlelism to -+ 17200 sec of arc.

A general view of the M 1T ruling enpine is shown in Fig. 141 and a close-up
of the control-tnterterometers i Fig. 142, A view of the control room is shown
in Fig. 146.

A A Michkisax® Studes in Optics Chicage. Chicago University Presa 1927, re-
priated (62

P FRLLGETT  Thess Cambridge Umiversity (Cambndge England, 1951) }. Phys

Hadsum 19, 187, 237 {195

P Jacprivot  XVile Congr. du G A M S (baris 1954) ] Phys Radium 19, 223
{1958) Rep Progr. Phys 23, 207 {19649

3 ] Conngs. Rev d'Opt 40, 45, 116, 171, 231 11060

"3 (; W STrokE: An alignment interferometer for precmion straghtness measurements
and control, even of sapidly movipy carriages. J Opt Soc. Amer. 81, 1340 1341 {1961}

.
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Correction for the effects on the interferometric control system
of barometric changes of wavelength. Under interferometric control, the
groove position and <pacing are determined by the wavelength of the radiation
{fur instance the green Hg 198 radiation) in air. The wavelength in air changes with
variation barometric pressure, temperature, water vapor and (O partial pressure
as well as with the iptroduction of any foreign gusses or vapors (BarreiL and
SFaRS 19395%. In practice, when the temperature i~ controlled to the tolerances
of 1/100° C or better as required by the mechanical elements of the ruling engine,
variations in barometric pressure produce the major change of wavelength, ac-
cording to an equation

Am =3 AP AL

where Am is the fringe shift in 4100 fringe (} ), 12 is the pressure vanation
in inches of mercury, 1L is the mirtor separation from zero path difference in
mm. For example, if a pressure change of .1 /== 1/3.3 inches should oceur when the
grating is at .1 L - 100 mun from zero path difference, then the grating would be
shifted by Am=: 100 hundredths of a fringe, or approximately by one fringe by
the controlling servo-mechamsms, a very larger crror andeed, if it remained
uncorrected. In reality the pressure change does not only result na shift of the
grating at the time when a pressure change ocours, but it also produces further
errors as a result of 4 spacing in the now incorrect wavelength (as compared to the
wavelength at the pressure £, at the start of ruling) Finally, the sign of the grating
shift changes when the grating interferometer mirror passes through zero path
difference. When the grating moves toward zero path difference, a pressure in-
crease (which decreases the wavelength and tends to pull the gratmg towards
zero path difference) moves the grating “forward” in the direction of 1ts motion.
However, the pull towards zero path diffevence will move the grating backwards
from its direction of motion when the grating moves away trom zero path differ-
ence. The grating shifts, both “instantaneous ™ (at the time of the pressure change)
and “cumulative”’ (as a result of the changed wavelength)y sesult from the opera-
tion of the servo-control phase détecting system, which 1s designed to continuously
svnchronize the interfernmetric fringe signal with the diamond-position reference
signal. The phase detecting system only knows about {ringes and their position
relative to the reference, but it ignores the differences in the origin of fringe
shifts (real posttion error or change of wavelength). It is the [unction of the ana-
logue computing cam shown in Fig. 140, to help in calculating the instantaneous
uncalled-for grating shifts, and to accordingly shift the reference signal generator,
relatively to the diamond-shaft, in order to maintain the correct grating position
relative to the start of ruling and the diamond. The height of the two-dimensional
hyperbolic cam materializes, with the help of appropriate lincar siopes, the varia-
tions of fringe-shift as a function of path difference and pressure change in the
range of operation. The pointer which rides on the cam s directly geared into a
differential placed between the diamond-shaft and the diamond-position reference
signal generator The computing can also be carried out with the help of an
clectronic multiplication circuit using “helipot” resistors and a serve-motor to
feed the differcntial® 33,

Recent indications are that pressure compensation m control mterferometers
is more directly achievable by suitably controlling the frequency of a gaseous

% 1. Barkrf1 and } E. Sears: Phil. Trans. Koy Soc Lond. A 238, 1 (1939
% R, F, JarreLlL and G. W. Stroke: New advances in grating ruling. replication and
testing. Appl. Optics §i. §§§ {1964}
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optical maser®. The deseription of an‘optical phase discriminator appeam to have

been given for the first time in this repornt

The temperature control used on M. LT, ruling engine is dvscnbed in Sect. B7.

Diamond-carriage control. The interferometric control of the grating-
carriage advance mtp%w»a that the diamond carriage moves in the raling plane
parallel to the fixed reference mirror within a few hundredths of a fringe (some
0.01 u} during the course of some 15 miles of w;uwaitmt traverse, which correspond
to the ruling of a 10-inch grating at 300 grooves/mim. The design of the grating
carriage used on the M.1.T. ruling engine wax described by Haugrisos and STROKE
{1955}, and it has successtully withstood the test of time in maintaining the
diamond in the ruling plane within better than 1718 fringe. This result is of
course not achieved without carefil adjustment of the mechanical elements
involved. The diamend carriage is suspended from two bearings riding on 2
monorail, which is fixed on the engine, and rests with a plastic {Rulon) shoe on a
long optical flat, which is also fixed un the engine in a position at right angles to
the grating motion. It is the long flat which determines the ruling plane. So far
it has not been found necessary to use interferometric control of the diamond
with respect to its reference mirros or indeed to a reference mirror at the beginning
of the grating. but further improvements in grating quality may resuit from the
use of a servo-system for that purpose, as well as from possible interferometric
momtoung of the eference-norror position itself with respect to the bram-
splitting tower and other hxed mterferometer components, in particulag: the use
of the extremely sharp spectral lines produced by optical masers ScuawrLow and
TownNEs (1958)%7, JAvAN (1960)5%, Javax ctal. (1961)% should prove invaluable
in interferometric control.

A schematic view of the diamoned carnage, and of the diamond bearing hinges,
aveording to Harwison and Strose! i< shown in Fig, 157 and an interferometric
record of the diamond-carrage position mn Fig. 138,

8y The wnterferometrically contralled  Jarrell- Ash Engine. A greatly simplified
version of the Harrison and Stroke principle of controlled ruling of diffraction
gratings with a continuously moving carriage has now been successfully developed
and applied by G. W. STROKF to a good mechanical to-inch engine built by
Wy, MacArTHUK and D). K. Ricr at the Jarrell-Ash Company*®.

The work on the interferometric control system for the Jarrell-Ash engine was
carried out by G. W, Stroxke with Wy, MacArTurk and Joux BegNiER, and a
more complete description of this engine and of its control features is given by

F. Jarwrie and G W, S1ROKE B? tugetlur with additional detatls concerning
grating ruling and replication ni thods developed at Jarrell-Ash for the production
of high-resolution gratings, Over half a dozen good gratings up to b-inches in
width and with spacings up to 40000 lines per inch have already been successfully
ruled with the new control systeny.

A block diagram of the lam‘ll'A%h engine and of its interferometric mntml
system are shown in Fig. 159 and a photograph of the « nmpk-te engine in Fig. 160
Fig. 164 shows an enl.xrgcd view of the gear train used in dnvmg the grating
carriage approximately in xyuchmmxm with the diamond carriage, at a rate of

*GoWoSTroKE In Fraquency cnm’mi stability, and mteractions between modes in gas
lasers {unpublished) Ferkin. Flmer Engineering Report No M 7387 A (May 27, 1963}

M A L. Scuawrow and ¢ H Townes Hev. 112, 1940 {1058)

S8 A Javan: In: Quantum Electronics, od by O M Townes, p. §64. New York: Colum-
bia Un. P'ress 1960,

AL Javaw, W, R, Bexsg1r and . R Hesriove: Phys. Rev. Letters 6, 106 (1964).
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about eleven grooves per minute. The Hg 198 light source, photoelectric tubes
and electronics are located outside of the engine case. One of the remarkabie
features of this control system is that the gears which are taking the motion off
the main shaft are directly placed on the engine. With specially ground gears in
this group as well as in the gear train, and with careful alignment, no vibrations
at all have been found to enter the engine, the ruling diamond or the interfero-
meters,

Fig. 162 shows the interference fringe signal produced by the advance of the
grating carriage on the Jarrell-Ash enginie and the remarkable degree of control
achieved in the closed-loop nperation during the course of contmlled ruling of a
310000 lines per inch grating: an instant of time has been chosen when an errot of
about 1/108 inches {1/10 fringe) with respect to the diamond cerviage reference
signal was being corrected, as achieved in the right half of the oscilloscope phote-
graph. A wavefront interferogram of an early 6-inch 36000 lines per inch grating
is shown in Fig. 163, with the last half inch <howing a portion of ruling produced
without control for comparison. About 12 davs are required to rule a 6-inch 10000
lines per inch grating, during the course of which the diamond carriage must he
maintained in the same rohng plane to better than t0inches during a 10-mile
reciprocating traverse, the temperature must he maintained to a few 10°C, and
the grating carriage must be brought to its appropriate position also to better
than 10 inches at every instant of time with the help of the interferometric servo-
control,

It is noteworthy, for the new Jurrell-Ash engine control, that it was found
possible to successfully use a teflon worm to drive the large worm gear (Fig. 161):
no sgn of wear has appeared in many months of continuous eperation. The
vanations i wavelength and the corresponding error- which would result trom
the variations in atmospheric pressure during the course of the 1ithng are being
corrected by a simple electronic computer according to the prindiple pnwmusl\
described (HARRISON and STROKE 1955, STROKE 19061).

in addition to ruling gratings with adequately flat wavefronts, pvrhaps the
most remarkable feature on the introduction of the interferometric servo control
system on the Jarrell-Ash engine is the dramatic reduction in the intensity of
Rowland ghosts, which result from periodic errors in the ruling. The best mechani-
cal engines usually present Rowland ghost aintensities on the order of 1/2000 in
the first order of a 15000 lines per inch grating in the visible. The very first
grating rled under control on the Jarreil-Ash engine, and every grating since,
has had the ghost intensity reduced from the usual /2000 to much less than
17100000, doing apparently better even than M.I.T. engine, and showing the
advantages of continuous motion control used on both these engines, as well as
on the smaller Bausch and Lomb engines, compared to what seems to be achievable
under stop and go motion. No disadvantages of any kind have been observed to
result from ruling with continuous grating carriage motion. In particular, no need
was found for linearizing the diamond carriage motion, thus adding to the simpli-
city of the control «ystem4 %

£}y The Bausch & Lomb Michelsom Engine, and B & L interferometrically con-
trolled engines. The large ruling engine now at Ravsce and LoMa was one of the
twn engines built at the University of Chicago shortly after the turn of the 20th
century and remained there under the direction of Professor Gare until 1948,
It was presented to Bavscu and Lous at that time, while its sister engine was
presented to M.LT.

As described by Bausce and Loms in 1957,

1870




‘1

Moo

“The size of the engne s such that it could rule gratings with ggmoves over 150 mm in
length and a width of raling up to 300 mm. However, 1t will require several additional yoars
of work on the engine to achieve this size of nseful ruled area. The present maximum 8 153 %
213 mum.

The mechanistn for advancing the grating carmmage was designed for great Hexibihty.
This makes it possibile to role gratings with a wule choice of aumbers of grmoves or grating
spavings por mm. Since the pretision screw has a Jmm lead, grating spacings are given as
number of grooves per mm Useful gratings are ruled in ranges from 20 grooves pre mm to
1o pmm.

The precision screw (Fig, 1e4), which is the heart of anv ruling engine has been studied
with great care to learn the nature of ity errors Even though the screw s very gaond, the

temaining errors are sufficient to produce substantial Rowland ghosts, unicss corrected. An .

electronic {ringe counting system, using the wavelength of the green ight from Hg 189 iso-
tope as the standard of fongth, employed to plot the ervor curve for the screw. This curve
supplies the data necessary for cuttung a brass cam that supplies the exact correction needed
to mintmize the Rowland shosts.”

The measurement system used to produce the carrection cams, is quite similar
to the system desceibed by Harrison and ArcHEr®. 1t was described by FINKEL-
STEIN, BRUMLEY and MELTZER®® in 1952 with particular reference to the cor-
rection of periodic errors:

“The interferometrie error recorder, Fig. 103, plots on a revolving drum the lead or lag
of the grating blank rarriage relative toats theoretically correct position as a function of
distans ¢ along the screw. The unit of measurement s an interference fringe, hail a wavelength
of the 5461 A green line emitted by a high freguendy discharge tube containmy the 198 so-
tope of mervury, The ereor curve thug revorded was separated nto its compaonent harmonics
bv a numencal Founer analvas, and from the infermation obtained conceening the periodi-
aties present and ther amphtudes, it was possible to calcuwlate the expected ghust sittensities.
Finally, a corrector cam was cut.

The selsyn generator, shown m Fig. 163 15 rotated continuously by the gearhead motor,
drives two followers. The tirst follower diives the grating ruling engine screw at a speud of
approximately one turn every fifteen ninotes The wecond follower drives a drum vovered
with recording paper at exactly S4o times that speed  As the grating carmage moves along the
screw, carrying one niirror of a Michelson intertorometer, the interference fringes Move across
the face of the diaphragin, £, causing the hght faling on the photomultipher to vary, reaching
one maximuin and one mummum for each half wavelength motion of the grating carriage.
‘The mgnal from the anode of the photomultiplier s amplified. cipped, and differentiated to
produce pulses whic h trigger the electronte countes. The counteras set 1o ¢ lose a switch for an
instant when the count has reached 217. This actuates a plunger on the recorder whid h punches
a smali hole 1n the recording paper.

F1g. 160 shows an error recorder plot for txo turns of the wrew both before and after the
corrector cam was inacrted. The up direction corresponds to the grating blank carriage lagging
behind 15 correct pesition along the serew, and the down ditection (orresponds to the car-
nage leading the serew, The prak-to-peak spread of the uncorrected curve 18 about SO0 ang-
stroms, The curves shown are not the ones taken directly from the recorder, but are different
only 1 that the hackground noise has beea removerd A twenty-four point numerival Fonrier
analvsis was performed on these curves to caiculate all periodicities which are harmonics of
the pitch of the serew.”

The measured amplitude of the harsome component of the periodic error
achieved after cotrection was of the order of 4.5 <17 A, being perhaps 1.5 times
smaller than mechanically non-corrected errars on other good mechamical engines,
but about 5 times larger than the errors obtamed on the interierometrically
controlled engines with continuous carmage motion. '

A gencral view of the Bausch and Lomb engine is given in Fig. 167 and &
detail of the diamond carviage in Fig. 168. A very considerable number of good
ratings up to &in wide have been successfully ruled on this engine. A sketch ol
the underground laboratory in which the engine is located is given tn Fig. 164,
Many additional details about this engine, in particular its applications to the
ruling of accurate scales, are given by RicHarosoN and STARKY,

® N, A FiNkstsTEIN, C. H. Brumiry and R. J. Mecrzer: J. Opt Soc. Amer. 42,
131 —136 (1952).
9 D. Riciarpsox, and R. M, §7anx: J. Opt. Soc. Amer. 47, 13 (1957).
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A small four-inch engine, built in part by Davin ManN, was brought under
interferometric control at M.1.T., and subsequently transferred to Bavsch and

- Lous around 1960, and another similar engine {Fig. 170 and 171) was brought

"under interferometric control at Bavsch and Loy, The design principles and
general performance of these engines were described in 1963 by E. Lorwens,
and a block diagram of the control system is shown in Fig. J§§ The svstem is.
-quite similar to the control system first described by Harmusox and STRoxe!,
Much of the mechanical work on the Bausch and Lomb engines, and the ruling
of gratings, has been carried out under the supervision of Rogert WiLgyse. s,
The contributions made by Bavscn and Loma to supplving fine spectroscopic
gratings and replicas has been singularly outstanding, The role held in these
achievements by Davin RicHARDSON has been particudarly recognized.

v &) The Baird-Atomic mnfrared grating engines. In a jprivate communication®s,
these engines are described hy Warter Barp as follows:

" We have buiit two ruling engines. The first was started aibout 1941 or 1942 and moverd
ahead very slowly through the war vears. As | remember, we first began ruling gratings in
1946 and 1 think I can sav with reasonable accuracy that this was the first successiui ruling
engine bulit by an industrial firm, although 1 mav be wrong. .

The basic engine is very similar to the Roweadp as modified by ANprrson and Woobp
and of vourse Wilbur Perrv In other wards, it was a double eross shide with a 20 thread to
the inch screw and 780 teeth on the dividing heard. We did do several things thlerently from *
the Hopkins approach. Fust, we wished to get rid of the change {rom statw to dynamue
friction and arranged our drive sn that the cogine was moving the blank as the diamond was
cutting. This was done by two mechanical devices-one, a <et of elliptical gears which were
arranged so that the diamond carriage and therefore the diamond was cutting the blank at the
slow period of the eihptical gears while the return permitted the blank o advan e very rapidly,
uever coming to & complete stop. The secand innovation wis the driiving of the screw instead
as on the Hopkins instrument with a ratched and pawl artangement. with g worm advane ing
with a worm wheel. Now this, while getting rud of statie fnction, should produce ruled lines
that have theoretically an S shaped contour, but to myv knowledge, we have never been
able to shaw that this altected resolving pawer

Most of our tulings have been on 4 ineh diameter blanks, almost all 3 meter radis of
curvature. While we tried other surfaces than alumunum for expenmenting, aluminum has
been the standard. o

This engine ruled success{ully for about twelve vears and only untd the period about
19885 were we ever greatly concerned if the first order Rowland ghosts were less than (500,

In 1948, we got started on another engine which as very simmiar to the first. A few smalf
mnovations were made largely to permit the disengagement of the worm wheel drive of the,
screw from the scerw atsell and to take care of rorrections This engime has been ruling fairly
steadily for the last five yvears and early we mttituced one further innovation, and 1 think
again we were the first to trv it, and that was to put 1/ to00th inch stripg of Teflon on the waye
as an antifriction material. This engine s still ruling excelient gratungs

We have had in the last two years Frank Cooke re do the first Engine and 1 must xay he
has done a beautaful job. We had one unfortunate happening in the last six months, just ag
this engine was beginning to ge to work again A sprinkier head let goan the night and dowsed
the engine completely with very rusty dirty water It was some hours before this accident was
discoverrd and as a comsequence, a fair amount of pittng, particularly on the lead screw, took
place. This s now being relapped. We expect it back again shortly - o

Almost all of our graungs have been danch diameter, 3 meter, 1300 lines to the inch,
Wi have rhanged blaze angle, depeading npon the requiretnent. In geaerai, all of the gratings
have been used as high as the dth order, We have 1aled gratings at 7500, 000 hnes to the inch,
for speciad purposes. 3t one.time, just to prove we could do i, we did rule a o mch graung
For our speetrographs, our gratings were expected to work from far ultraviolet, 1000 angstroms
vut as far as nne micron. "’

The Baird Atomic grating ruhag project was started upon the initiative of
WaLter Bairp, and significant carly omtributions ta it were made by Wu,

- W, Bairp: Private communication to G W, Stroge {March 28, 1962} .
* E. G. Loswsn: Positioning system spaces lines to within 110 microinch. Control
Engineering 10, 9597 (1963).
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LANGTON®L Most of the constraction, making the nut, lapping the serew was
carried out by FrRAMK Greeis® Appreciable advice appears to have been recepved
from Jouxs Hopkiss, in particalar from Witkvr PErry st

7 The, sz‘ul::é'j'!u al instabute gngine, The principle features of this engine and the
the

i . s . -
performance o gratings rated were desc ribed in 1938 by GrraSIMOV et af ¥

“ The mast nutable pomnt about this mw bine lies in the design of the two basic mechanisms
A double carnage is nsed i the first, as proposcd by S1oNe® and used by Gare™ when adapt.
g one of MicHELSoX'S engines  Lhe carrage 1 i two parts placed one abase the ather
(Urg. 173 The lower past s doven along the guide 2 by the srrews; the fnctpn between
gunde aml cartage s large and vanablean tune, <o this movement 1s ot of high precision
The upper part 3 carries the biank S andas jomed to the lower by the tour {lat spring ¢, whyu h
altow the two parts 1o move relative to one another along the feed direction onlv. The secone
part 18 moved by the sepew 7, of the same potch as the first screw. The forces acting on the
st ond serew arise from interaal friction I the springs, and are almost constant if the two
acrews are synchronously dnven, thas ensures high aceuracy in the feed, The two worm drives
o the two sorews (da and 4hoan Fig 1780 are wlentical and are sinven from the same drive,
Tenr teeth ate e mesh at once o the gears, which eliminates tocal rregulantios in the teeth,

1t has been foutnd by interferemoe methods that a force ol § g wt :\p[lhvd to the upper
part displac s the carnage elastually by wbout oot g which approaches the maximum per.
nussible error in ruhing The working force on the sorew 18 an fact constant to 20 3 g wt.
The upper part tollows stietdy the aw proscribed by the dnve mechaniem, whereas the lower
does not, becanse of the frction in the wavs

Hyidrodvoamie foction prnaples are used an the ways of the rehng mechanism, ~o wear
of the surfaces is virtually elimmated, even though up to 120000 moevements are required for
a large grating. Fhe culing carniage consists of a rgod girder which works on ways and s driven
by a crank miechanism . the ruling instrument is carried at the centre Separate guides are used
for controfling the hotizantal and vertical motions, as shown i Fig 173 b, because the forces
acting and the accuracies requited n these two dircctions differ The honzantal supports are
three-self-levelimg shoes 1 which shde on flat polished «antaces 2 innnersedan the oif baths 1.
The rubibmg surfaces of the shoes are sphiencal aradiis of canature about 1 km}, ths gives a
stabie motion and « contmyousty ormed farly thk ml tlm between the rubbing surfaves,
sa the {riction 18 bydrodvname,

The vertinal guides are formed by two fn glass blocks 4 fixed to the base at the ends of
the carpage on upposite sides. Spheneal lignum vitae sapports rest on the block and are
tensoned hy sprung devers. No dnbrpant s nsxd The forces requited 1o mave the carriage
are very how, ardd the moton is sinooth and highlv rectihnear.

The pis ane 15 set up an an antivibration base 1 a constaut-temperature em tesure.”’

Plane and concave gratings of il sisual types are being ruled on this engine,
up to areas of 150 < 180 mm, and spacings of 1200, 600, 300 and 200 lipes/mm.

The best gratings show resolving powers of 600000 and the Rowland ghost
intensity in the st order of a oo linesimm grating was gsually found to b 0.1%,
correspuonding to a periodic ermr amplitude of 10517 A In some very good
gratings, Rowland ghost intensities as Jow as 0.01 % were observed {(corresponding
approximately to 3 <17 A periodic error amplitude).

The gratings are tested with the help of the interferometyic wave-front testing
method first deseribed by STRoKE in 10559, aithough the ruethod is ascribed by
GErASIMOV et al, (oe, a3 to GERASDIOV ot al. 8, {1057).

Very careful measuremoents were carried ot by GERASIMCY et al. (lor. cit. M)
on all the important asperts of grating performance. Scttered Jlight was tound
to be less than 10 %, The work by these authors on intensity disteibution and

BV Stonk | S festram 11 249 (1934

30 Gare ] Ses Instrum 12, 32 11935

B W STRoKE. Interferometric measurement of wave-front aberrations i gratings
amd echelles JOpt Soo Amer 45, 3% 33 {1955)

% 1M Greasisov, 1A Teo ievsen, S N Sprzuarskit and 8. V. Nessgrov: Optiko-
mekh. P'rom. Noo g, 46 {1987).
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pulanization is particularly notable, not only because they have gbtained re-
markably high efficiencies with 110% to 120”7 diamonds, but also because, just
like R.W. Woon$2.8 in {010, they speculate, incorrectly (as since shown by
STROKE®, see also Sect. 02) that “The reflection coefficient could be increased
considerably by reducing the angle between the faces to 90°, ... . As shown
by StrokE (loc. ¢it.® and Sect. 26}, the 90° angle is precissly one of the most
undesirable amgles, when igh efficiencies are sought, becanse of it~ teadency
towards polarizing the diffracted hght. and consequentiv toward reducing the
efficiency in gratings; 1107 aiel 1207 angiss are those recommended®. One may
conslade, therefore, that the u-e ot 1107 and 1207 angles by GeErAsiMov et al,, as
by K. W, Waon, was fortuitous rather than deliberate, even though the quality
of their gratings has apparentiy greatly benefited from this angle. As described
by GERASIMOV et al 1

“Intensity distribution and polarization. The best gratings, with line facex
inchned at 3 - 10°, throw up 10 83% of the reflected light 10 4 single maximum, this is quite
close to the theoretical value. Practically all the tight is reflected by the broad faces (Fig. 1781
if the indhnation of these faces s mereased the fraction of the imcident beam which strikes
these working faces, and hence the ctnaency wath swhich the hight s used graduaily falls
because the angle Letween the two faces 15 1100 1207 The reflection coeflicient at the maxi-
mum does not exceed §5% f the inchmation as rased to 4070 The reflection cocfticient could
be mncreased considerably by reducing the angle between the {aces to 207, but the difficulties
of making good chamond ponts for the purpose have prevented this method from being wsed,
Data have been given on the mean and maximum reflectinn coefficrents of gratingsin vanous
arders s, 79,

Fig 170 shows tepical mntaiimty curves i arbitrary unitsy for the blazo regon of a grating
with e imes/am wliach concontrates the heht anto the first order vissble region centered on
S A The measurements were made on a photoch s tne autocollunation apparatus using
the bnghtest hines from cadmuan, mercury and potassium - The reflection antensities were
recorded relative o thase found ssith an alwminieed mirror at the same savelengths Curve ¢
was taken m polanzed hght, the other two curves were taken with the clectne vector of the
polarized hght normal (2) and parallel (1) to the hnes. The thick hne sodicates the theoretical
intensity distnbution; the experimental resalts fall only fairly near the theoretical curve,
A nuotable feature is that the state of polanization changes as the maxumum is passed through;
the component with ats clectne vecton parallel to the hnes s the stionger on the short-wave
side, and the other on the other side The same effect is found with blazed gratings with 1200,
600, 300 and 200 hnes,mm. g 177 shows g jpy values {accurate to ¢ 3%) for S gratings,
the blaze maxima ase nuiteated by vertial lines (accurate to 200 - 300 A). The change in the
predomunant sense of polarization oo uts at the blaze peak, within the error of measurement.
The vanous gratings differ considerably m ther degrees of polarization: the shapes of the
reflecting surfaces m the hines are responsible.

Gratings ruled on awminum, whether blazed or not, show anomabes in their intensity
digtributions similar to those first fourd by Woon 7 fairly narrow dark bands which vary
in spectral position with the angle of incaidence are seen in conunuous spectra. This elfect
is seen only when the clectrie vector is normal to the ines® with rulings of 1200 and 600G
lines/mm; many grating- Jo not retlect at all with in these bands. KavLeien' hag shown that
the anomalies alwavs b at wavelengths snch that the waves are diffracted along the surface
of the grating. these wavelengths 4 are given by

ar s jnay i
where a is the grating constant, ¢ 12 e angle of incdence and m is the order of the spectrum,

S R.W Waoon . lnl Mag 20, ~=0 . qugny,

A TrownripGgr and ROW. Waon Phil Mag, 20, 886 {1910

(W Strokk  \ttamment of huh efficiencies in hlazed gratings by avoiding polartza-
tion 0 the diffracted hight, Phys Letters 5 4548 (190 3),

?F M Gerasrmov [zv, Akad Nauk. SSSR Ser fiz, 6. 062 (1954).

TR, W, Woon: T'roc. Phys, Soe. Lond 18, 106 {1902).

* O Patver. Diffraction anomabies with a dilectric grating ] Opt. Soc Amer 54,
844 {1964)7, shows “anomabes” for both the " and the S polarizations. See also Sects 60
to 71.
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Our gratings 10 geacral give anomalies th accordance with this formula, but the bands
differ considerably in wulth and intensity, even with otherwise identical gratings. The ano-
malivs cause dips on the intensity distribution curves for covtain gratings el Fugs. 176 and
177} calewtation shows that the anomalies licat 4% and 6706 8 for the 606 finesfmm grating
wepd in the st order m the antovollimatun apparains, The daps in Figs. 176 amd 77 for the
first anomaly actually e at somewhat longer wavelengths The anomahes at 6700 X are
readily scen by eve using continonous spectra these gratings. they have aot been studied in
deta). Some gratings show oaly very weal anemalies near the blaze; the prease refation of
this effect 1o the ruling ftechnigque has not yet been established. The snomalios accour with
both senses of polarization with gratmgs of oo and 200 lines/mm, but are stronger when the
electric vertor ss normal to the Jimes

[t s noted that GErRAsSIMOY et al ¥ use electron-mieroscopy for the testing of
the groove profiles of the gratings ruled at the State Optical Institute,

One of the largest State Optiecal Institute gratings described is'a 130 mun wide,
600 line/mm grating, used in the spectrograph wath the large telescope at the
Crimean Observatory® and showing a resolving power of 600000 in the 7th order
(N = 600 % 150 90000, m .= 7 giving a theoretical resolving power N§-=030000).
Another smaller grating (ruled width 100 mn, 00 lines/mm) is at the Potsdam
Obs~ervatary, where it was tested by SCHROTTER??, the resolving power was found
to have the theoretical value of 360000

GErAsHOV et al.? Gnd that “on average, gratings of high constants give
better imuges than ones of low constants’ with gratings ruled on theit machne,

) The Perkin-timer engines The Perkim-Elmer raling engines were first
designed and constructed at the Apphed Research Laboratones by Juiwes
DPrarsox with the assistance of Gus M. Gosiz, who now is 1 charge of the engines
at the Perkin-Elmer Laboratory in Califorma. An overall view of one of the engines
is shown in Fig. 178, Infrared gratings up to inchies have successfully ruled since
about 1901, and the entire grating ruling and testing program is under the direc-
tion of H. W. MakrsHALL. Interferometric wave-front testing is used, as well as
grating etficiency testing in a double-monochromator arrangement {see Sect. 77).
The grating replication methads pow in general use are based to an important
extent on work carried out at the Perkin-Elmer Corporation by Fraser and White
during the middle 1040's (see Sect. 89).

&) The Mount Wilson Observatory engine with interferometric control. The Mount
Wilson Laboratory engine, described in Sect. 8888 was put under interferometric
servo-control, and desenbed in 1962 by H. W. Barcock ', following the succesful
demonstration of interferometric control of ruling engines by Hargrisow and
STROKE in 1958 to 196182

Intermittent, stop and go, motion and control are used by Bascock and several
new features associated with the use of a “modulated’” Michelson Twyman Green
interferometer are described in his 1902 paper.

The interferometer is modulated by deflecting the compensating plate electre-
mechanically, so as to simultaneously permit a small 60 eps osaillation of the fringe
pattern, as well as compensation for barometric pressure-change effects on the
wavelength (Fig. 179).

The oscillating fringe pattern isscanned by a phototube and 1s reproduced on a
monitoring cathode-ray tube. Any decentering of the pn-th fringe on the n-th
groove (p = number of fringes per gronve) is detected by synchronous demodula-
tion and is converted tu a stored electrical charge. The cotrection for any ertur

72 E H. ScuroTThR. Phys Verh 6, 143 (1957).
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-on the n-th groove is applied to the following (s ~1)-th groove, by introducing
into the mechanism a differential correctinon propurtional to the stored charge.
Clearly, perfection in the correction would appear to assume that the error to be
corrected on the (n +1)-th groove will end by being <ubstantially equal to the
error on the #-th groove fram which the correction has been determined. This
s quite different frow the contimuous- contint Hateison and Stroke principhdd. 3,
where no long-distance antiopating error assumptions are made, and perfection
appears achievable within the time-constant of the servo-system, corresponding
to an infinstesimal fraction of u groove-spacmg. Comparison of gratings miled under
these rather different conditions would be most revealing. No detailed results of
grating wave-front tests, ghostdintensity or spectroscopic performance of the
gratings 1uled under the new interferometric control system are given in the
original paper’®. Bapcock states (loc. cit, '%):

“The 25.cm ruling engine with interieromotrie comtrol has proved to be reliable i opera-
tion and in the past few manths has prodoced several gratings of high quality in sizes up to
13 20 cm. These are blared plane gratings rulivl on aluminized blanks that are flat ta one-
fortsieth wavelength  There i® no bar to the emploviment of the control system for larger
Rratings up to the it set by the dsmensions ot the maclhme 1t may be emphasized again,
however, that several charas teristics, in addition tnadequate precision wmspacing of the grooves
must be combuned i any really satisfactory gratng. espeaially if 1t s to be used i spectro-
photametry of absorptuon hines arising in faint astronomical sources.”

Some of the detatls of the cantrol system as deseribed by Bascock are given
in what follows:

CThe Monnt Wilson Observatony engane has been sucoesstuliv operated sa i pureiy
mechant al mode for many vears, has a demonstrated capacity an the pmdu((‘mn af gratings
up to 18 22%0m Teste of the performance of one of these gratings have been descnbed by
TrERce 2 The addition of immterferometric control was undertaken with the doonble aim of stull
further reducing residual crrors of spacing and of mmmmizing the nenprocdductive time spent
in cntical adjustments of mechanical parts

11 order to ensune straghtness of the grooves to avord extensive mechanacal alterations
to the machine, to achicve maxamum sunpleoty, and to permt operating ecither with or
without interferometnc control, 1t was devided to retain intermittent advance ot the grating
carnage, together wath simple, crank-diven. reniprocatmg motwm of the rubng diamond.
By appropniate chone of the spur gears o «an the intenmittent drive the for worm that
advances the oetooth gear and the mam - w1t s a stmple matter to advance the grating
carmage an integral number of (ringes 11 each spacing operauon The spacing most in demand
is approximately 500 grooves per millmeter, or 15000 per inch. i gearng s chosen to make
the spacing 610 3 grooves per mithmeter, the grating coustant will be three wavelengths of
green meroury bght (2 §460.7531); thus aimost exactdy six Irtages will pass in the field of the
mterferometer for each spacing cvele

The controd aystem emplovs an ele trooptic “fringe damp” device After cach incremental
advance of the grating carnage, witde the diamond s roling a groove, a phototube senses any
deviation from exact centenng of the stattonary onth fnnge. The resulting electnaal error
signal s stored, and duning the next spaons operation at s converted 1o a shaft rotation
winch, after a large reduction through goanng, s mtrodine ed as a differential correcion anto
the spacug mechamsm of the machme. In the present nstanue, the difterential carrection s
applied through a rotation of the screw - mounted end- thrust bearng of the worm that advances
the main spacing gear (Fig. 129).

The mudutated interferometer. The interierometer is of the Michedson tyvpe, with
the moving mirror carried on one cnd of the grating carnage. The beam sphitter, fixed mirror,
and compensating plate are mounted on a snbstantial beneh attas hed to the basc of the ma-
chune. The soutce, « water cooled Megyes Hg 108 isotope Tamyp excited at 2500 Mcjs, together
with 1ts colltmating lens, s meounted mptsude the enclosure that houses the ruling engime  An
interference filter isofates the grevn bne Light cmengent fram the mterferometer ss toeused by
& projectiear lens to Jorm a xystem of Cofleentrh Fngs b a soreeny also outside the egclosars
A small aperture in the conter of the screen admits hight fram the cruter of the tnmnge pattern
to a fo-stags clectron-multipher phototebe. The rading of the aperture s only a fraction of the
width of the narrowest fringes, which occur for praamuim path difference. To provide for
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.on the n-th groove is applied to the following {n-+1)-th groove, by introducing

into the mechanism a differential cotrection proportienal to the stared charge:
(learly, perfection in the carrection would appear to assume that the error to be
corrected on the (w4 f)-th groove will end by being substantially equal to the
error on the m-th groove from which the eorrection has been determined. This
is quite different from the contianus-contiol Hatrison and Stroke principlet.t,
where no Jong-distance antiapating ervor assumptions are made, and perfection
appears achievable within the time-constant of the servo-system, carresponding

te an infinitesimal {raction of 4 groove-spacing. Comparison of gratings ruled under

these vather different conditions would be most revealing. No detailed results of
grating wave-front tests, ghost-intensity or spectroscopic performance of the
gratings raled under the new interferometric control system are given in the
original paper’. BABCOCK states {loc. €it. W)

“The 2¢-cm ruling engince with interferometne control lias proved to e reliable in opera-
tion and in the past few montbe has produ ed several gratings of high quality in stzes up to
11 20 cm. These are blazed plane gratings ruled oo aluminizerd blanks that are flat to one-
fartieth wavelength. There v po bar to the employment of the control system for larger
wratings up to the hmit set by the dimengions of the machune [t may be emphasized again,
however, that several characteristics, in addition taadequate precision in Spacing of the grooves
must be combnnied in any really satisfactory granng, espe sally if 1t is to be used in spretro-
photametry of absorption lines ariming in faint astronomical sources.”

Somie of the details of the control system as described by BABCOCK are given
in what follows:

CThe Monnt Wilsan Observatory cngine has been sticcoessiully operated i a purely
mechane al mode for many vears, has @ demonstrated ciapacity im the praduc tion of gratings
up to 18 228 0m Tests of the performance of onv of these gratings have been des nbed by
Prewcs 2. The addition of interferometric control was undertaken with the double aim of still
further reducing tesidual vrrors of spacing and of minimizing the nonproductive time spent
in critical adjustments of mechamcal pans

1n order to ensure straightness of the grooves, to avoid extensive me hanical aitcrations
to the machine, to achicve maxmum simpluaty, and to permit operating esther with or
without interierometnc control, it was devided to retain antermattent advance of the grating
carnage, together with simple, crank-drmen, repro ating motion of the ruling diamoend.
By appropnate chowe of the spur gears u e the mmtermittent drive the for worm that
advances the 90n-tooth gear and the mam =+ #, it 1= a simple matter to advance the grating
carriage an integral number of tringes 10 each spacing operation. The sparing maost in demand
is approximately 0 groaves per miilimeter, or 1 §e¥x) per inch. If gearing is chosen to make
the spacing 610 3 groove per millimeter, the grating constant will be three wavelengths of
green wercnry hrht (A §4641.7531); thus aimust eractly six fringes will pass in the ficld of the
interferometer for each spacing evele.

The control system employs an ch trooptic ‘ringe damp’ devive After vach incremental
advance of the grating carnage, whitte the diamond 1s ruling a groove, a photutube senxes any
deviation from exact centenng of the stationarv onth tnnge. The resulting elec trical error
signal is stored, and during the next spas Mg operation Jtas ronverted 1o a shaft motation
which, after a large reduction through guanng, introdie od as a differential correcion into
the spacing mechamsm of the mac hine. In the present wstance, the differential correction 18
applied through a rotation of the screw -meunted end-thrust beanng of the worm that advances
the main spacing gear (Fig. 179).

The modnlated interferometer The wterferometes is of the Michclson type, with
the moving mirtor carried on one end of the gratung cartiage. The beam splitter, lixed mirror,
and compensating plate are mounted ot a substantzal bench attas hed 1o the basc of the ma-
chine. The sourre, a water-ronted Meggurs Hg 19R isotope lamp excited at 2500 Mc/s, together
with 1ts collimating lens, s mounted outside the enelosure that houses the taling engme. B
interference filter isofates the groen tine. Laght cmergent from the intrrferumetes s focuset by
4 projection lens to form a System of condentin nngs ok & wereen, also outside the enclosare.
A small apertore in the conter of the screcn asdints Igght from the ceater of the fringe pattem
to a to-stage viectmo-multipher phototube. The radius of the aperture 3 only a feaction of the
width of the narrowest fnoges, which occur for maximum path difference. To provide for
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sensitive detection of the position of the anth fonge, whirh s just appeanng or dsappearng
at the ceater of the concentric pattern, as well a3 to compensate for changes 1n barnmetrie
pressure, the interferometer is modulated. N P

Modulation 15 accomphished by giving a shght angular displasement to the tilted compen-
sating plate of the interferometer, which is supported an a flat steel sprog, or Cardan bings.
The vonre enil and magnet from a bondspeaker are so mounted (the sowe coll heing attached
to the plate hotdery that a small alternating current apphed to the cml provudes an angular
vibration of the compeasating plate, such that the optical iringe pattern sweeps back and
forth with an adjustable range at a frcquensy of Ay cpa. At the same time, & direct s urrent
applied to the same cail from asimple analog computer deflects the plate in order tocompensate
for changes in barometric pressare

Fringe clamp cirenit. With the futerforumeter modulated at soeps, the amplificd
output of the phototube is convenwently applied to the vertical deflecting plates of a monitoring
vscilloscope while a G0 cps sine wave is applicd to the horgontal plates. The resulting trace
reproduces the portion of the fringe system that is being scagned. 1 the amplitude of madula.
tion is sefficient, two or more complete fringes wan easitv be dusplaved, aithongh in actual
oprratton the amphtode is set at about 173 fonge. U a dark tnnge is centered on the aperture,
the scanming will result in a U7 shaped pattern appearing on the oscifloscope. Any slight

decentermg of the fringe will cause the U to hecome asymmetnic. For contrul purposes the'

phototube signal s further amphfied and then demodulated by a balanced synchronous
rectifier Any ¢rror in the centenng of the vnth fnnge resalts in A proportional imbalance in
the charge develuped on the capacitors Cand B At the conclusion of the scan phase, which
occupiem about 40% of cach cycle, the crrar conrcting motor (Fig! 179} is caused to turn
in the direction and by an amount deternuned by the stored signal. Switching of the sigoal
circt and of the correcting motar at the apprapnate phases is acs omphshed through mercury
swite hes operated by cams on the mam crankshatt of the ruling engine

When the machine is operating under interterametne controb, the damping of the fringis
15 3cadily momtored by observation of the osciliow epe, which ateo ehisplave the internnttent
advance of the tringe pattorn danng the spaamg pact of cach cveie An indrcatnon of crrogr
amphtitde i< abse given by a sonstive voltmotes conme el across C and 5

Fecdback for crror corrcetion. Frror cotncction appear i the form of nternuticnt
rotation of the shaft of 4 small reversible motor Aitor pasang throngh a mintature vanable-
speed transmission and further gear reducers, the shaft rotation s mtroduced as a differential
cotrection into the spacmg mechamsm ob the tuhng engime. The mechamicatl ifferential for
this purpose might take anv one of severat forms, in the present ¢ ase the simplest et hod was

to control the position of the end thiust beatng of the spacing worm that advances the 9oy

tonth gear on the man sopew Phe end-thrst beanng s mounted on a fine-piteh scre w thax

15 rotated b the correcting motor. he range of longitudinal travel of the worn s 28 mm

corresponding to an accumulated cormeetion of some tono nngesan the rading of a stagle grating,
The intermittent driving desiee, which rotates the worm through spur gears, 1s a « vilindnceal
cam that is given exactlv one turn for cach spacing eperation. A 11 spur gear ratio yields a
spacing of &« grooves per mithmeter. 1t was found by tnal ruling under interferometric
control that multiplying the grating space by the factor 1.983151 would, at a tempervature of
2397 ¢ amd at a Hixed barometrie pressure, result o a cumulative corfection of zero for a
large ruling. Thas factor was closely approximated by spur gears for dnving the wornt in the
ratio (17:41Q or 0. 14143,

By providing additional sets of spur gears i appropriate ratios, or otherwise altering the
mechanical spacing, it is readiby possible to rule under interierometric control at other grating
constants corresponding to integral numbers of irnges other than sax.”

Details on the pressure computimg svstem, simnilar to those used by Hargisow
and STROKEY 2 1 are also given by Bapcoc K12, together with details on the diamiond
carriage and on the theorctical capabilities expected from the control systen.

1) The Jobin ct Yvon tnterferometrically controiled engine. A d-inch mechanical
ruling engine, vsing novel friction reducing principles and pneumatically assisted
movements was completed by R. GoviLky under the direction of G. PIEUvHARD
at Jorix et YvoN by 1959, At that time experiments on further mechanical
improvements of this engine and on testing the grating performance were under-
taken with the help of (;. W. STROKE. These experiments eventually led to the
recommendation for designing an interferometric control system, following the
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successful principles demonstrated by Hargrisox and S10kg" 3, The stop-and-go
interferometric control system of a very simple and novei design was comple-tcd
by P. Coxngs, G. Pisvcsarp and R GoviLEY by 1962/63.

A general view of the c:ngmc ts shown in Fig. 180a md a schematic dngmm
of the countrol system in Fig. t80h.

The patrt of G. W. Stroke m helping to witiate the French grating ruling -

program i briéﬂy described in the Mav 1062 ' Internatinmal (')ptim" issue of
pplwd Optics, ™,

Gratings of g«md quality with 600 linesjram and 78 mm width were obtained

as early as 1964, and the ruling of larger grating under interferometric control is

now under way. The Jobin et Yvon engine is capable of ruling gratings of 100 x

70 mm. The number of fringes passing through the interferometer is determined -

before the carriage is locked: as result perindic errors are elintinated. Random-
spacing errors are minimized by a compensatiog col which controls the fine
motion of the carriage during the ruling of the groove. The compensating coil is
excited by the difference signal obtained from the two photomaltipliers used in
the double-interferometer system {one near the source hole, the other at the exat
hole *).

%) The CSIRO Awstralian engine. A general view ot the engine as dcvclo;wd,
by D. A DaAviEs and G. S1rigF is givenin Fig. 181 a and 181 b and some details,
according to a (1962) description by DaviEs™ are given in what fallows:

" The engine has a nominal cupacity of 4 mch length of line by 6«inch ruled width for
spacings of 12400, 16200 and 1080 bnes per inch {Sizes 41 -inch - 6} anch with 16200 lines
per inch have been raled). At present onlv plang gratims can Lo ruled, but it is intended to
add the oextra equipmeat for ruling concave gratings at & later date and a simple modification
to allow coarser puches to e ruled. Preliminary sneasurements indicate that gratings of
aix-ineh ruled width with 100000 lines when tmeasured in the first order at S400 A may have
Howland ghost inteositics less than t/10000th of the parent hne, cfficiencies relative o a plane
aluminized surface ot 78%, and wavefront errors better than 1/5th wavelength.”

The engine is housed inside of a temperature-controlied cabinet and works at a
ruling rate of 19 strokes per rinute.
As described by Davies {loc. cit. 7%),

** Most of the engined and constructed by the Invision nl Chemical Physics &t Fisurrsen'
Bend, Melbourne. As shown in Fig. ] the reciprocayng ““shaper ™" arm (upper left) slides o
and fro on two cyhndrical precision-lapped gusdes fixed in hine The ceatral portion of the arm
bridges tetween the guides and beneath it 13 attached the dhamond carriage above the work
table which i operation s slawly fed through the gap. To restrain the ann from rotation on
the guides, a projection from it bears on a flat strip showing at the rear centre of the picture.
The work table 1s supported on a parallel pair of cvhndncal guides viable across the
centre of the photo. The feed serew is located (paraliel) hetween them, and is rotated by the
large gearwherel fat nght), outside the bearing, Between the bearing and the work tabic 1s the
long precision nut whose motion 1s transmitted to the table by connecting bara
in the bottom right corner can be seen portion of a spur pinion on the worm spandle which
drives the teed gearwheel This drive s ntercannected with cquipment behind the partition
in the barkground, through which projects the driven end of the feceprocating arm.”

At present, DAVIES and STIFF are considering a new design of engine speaifically
for use with servo-control ™.

B G AMAT, A, ARSAC. ] Brocmakp, ]. Brossks, P Coxnes, L Coutres, P Jacquinor
and A MarecHaL. Les Heseaus Optiques 1. Optis m France. Appl Optics 1, 200—278
(2. p 202 .

*GOPIEVOHARD Private rommunicatin (10041

DA Davies: The O 5 LR O Rubmg Engine . Dreifraction Gratings, pp. 1101— 108
J. Astremom. Soc. Victoria 15, 101108 (1962

» D, A, Davis: Private communication to G. W. STRUKE, Peb. 15, (1964).
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2} The University of Fokvo eugine. The ruling engine of the Institute for
Optical Research, Kvbiku University Tokyn ix shown iu Fig. 182.1, and a diagram
according to the 1932 paper by Furjroka, Sakavavact and Kitavama™ is shown
in Fig. 182.2, The ruling engine is being ued for ruling iqfrared gratings of 160
linesfmm and 40 lines/mm with an area of 100 mun > 70 mm* Fairly extensive

details on the history, construction, interferometric  measurement of “epgine

errors, and performance of the engine in its 1932 stage is given in the orginal

paper’8. The description of the interferometric measurement according to FUjioxa,
Sakavanact and KitavaMma {loc. ¢it. ™) {ollows: BT ,,

*Fo elitninate the errors of the raling, we have fimt to measare and to errrect theps, For:

that purpuse, we use a Michelson ntesferoneter *® which is sbowa schematically in Fig. 182.3.
In that higare € means & plane mirror (39 of Fig 182 25 which s tixed tothe cartier of a grating,
and 4 and B are two mirtors fixed fo another plate which maoves parallel {0 the grating
carrier. T the image of 4{4"} coincides with €, onc ran <we nice interferenge fringes by wsing
white light. In this case 1t s very easy to decde the position of the comncudence, because &
shght in-coincidence causes a change of tolnur. Next we move O unttl 1ts comncdence with the
image B(B') is obtained. and the correspanding angic of rotation &, of the worm gear is read.
We move next the carrier of 4, B to obtamn the (vincdence of 4 with €, and then C is moved
until it comncides with BY, the corresponding angle of rotation being a,  The same process will
be repeated,

1f the serew 18 perfect and the totation of s very unitorm. the angle 4, u,, ete. should
Always be comncident, actuallv thoy are not Ticrefore we form the cylindrical cam to make
%,. &q, €tr. coincident. We took the distanee of L1 and M about 170 mm and mterpolated the
wtermediate part. The accuracy of the angle 1s 1 {90 degree which corresponds to the 410
of the mterference frnge The errot due to the excentricity of the worm gear plate, or that
may be due ta the incompleteness of the plateand-hall contact, may have the period of one
revolution. Such errors can be corterted by terpolation between 9 pomnts in a revolution,
However, f the teeth distan ¢ 1< sorpegular that the awcompanving ervors have small periods
wittun a revolution, mne poemts are not sufticent to observe them. Inour mstrument this
scems ta be just the case, and observations at smakiet digtances are desirable Tn this case we
have to observe s0 many ponts that the accuraey of the measurements st well be con-
stdered.

Our probiems s just the same asan the case of measunmg a long distanee with 4 verv
short scale. Suppose we Measure 1 min by suceessive measurements of # times using a smail
scale of tfr mm. If we denote the errar of a sugle ohservation by 1, the total probable error
is ynu. b

We consuder the Rowlaud ghosts of a grating, namely the error having a penod of one
revolution of the mam screw. The relative intensity of a Rowland ghost to the main lioe is
given hy**¢ :

-2

&

Gy o= e (~)
a

In this formula & tneans the grating constant, ¢ means an amplitude of the siniious periedic
ervor, and m mcans the orrder of the spectrum. We asaume ¢ = Fa.t, The value of 1 is roughiy
0.8/20 1, and thus for 1 = g we have Jnds 0075 4. Putling a = 1.8 i, we get for m .t

4.1

Gyes ,
K i

The gbarrved intensity of the Rowland ghost s however stronger than this value, amd the
mtensity distnbution is farly deviated from Kows axp’s theory, aml many ghosts ul higher
orders appear arregufariy For mstance, the ghost of the 8th order is often very strong, as
compared with those of younger orders.

From these circumstanees we can conclude that the error is not 30 simple as of the penod”
of onc revolution, and there mnst be errors of stifl wmaller periods. We bave therefore to

MY Frytona, Y. Sakavanaat and T Kitavama: Endeavour of Grating Ruling in
Japan. Scwence of Laght 2, 1 -2 {1952}
* P Mrvaxs: Private communication (1064),
** A, A Micuetsaw: |, Franklin inst. 181, 733 (1916).
sex b, A, Rownanp: Pl Mag. 35, 307 (1893}
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abserve at more points than wine. In order to increase the accaracy, we used monochromatic
light instead of white light. 1f we fix 4 and «nunt the number of fringes, we can avoid the
addative errors; but it is, of course, not casy to count some o fingestn, However, as we
have already corrected vnder a fraction of the wanelength using whife light, we can fix o
within the accuracy of one fringe. As we can read the fraction of a iringe acourately, we can
determine the errar of wie reeplution of the screw sith the adcuraey of 1,

We used a mercury green hne. Fig. 182 4 shows an example of the measure ment, This shows
how mach more complicated curve than that of a pened of one revolution. Repeating such
observatians, we get the total cornvtion tet oae revelution of the order ot { J 1o 4 2. The error
of the lopg run is also corrected, first usng white hght and then using monochromatic light,
in this case we used a cadwinp rod Hine instead of the meresey green line” flac. cit ™)

A new engine is under construction at the Institute for Optical Research in
Tokyo, but no information is yet availablc

H#) The Hitachi engine. )

vy The Mertaw NPL metrology-gratings engine. A novel approach to grating
ruling was suggested in 1948 by Sir TroMas Mer1ex, before the introduction of
interferometric servocontrol® 2 in the hope of overcommng ~some of the mechanical
difficulties a~sociated with previous engines. In referring to Sir THOMAS MERTON,
and his apparent criticism of Rowiasp’s design; Lo AL SAvee™ writes:

{Sir Tuosmas MERTON! 7. proposed that the grating be genagated upon a «vhnder, and
tut as a very fine screw-thread by a continuons lathe-hke artion and that this helix should
be fopened ont upon a Hat surfae by acpephica provess Thee cpgges@ions were the starting
pomt of a considerable programme of research at the National Physeal Laboratory whwh has
been gomg on {or the past cight vears  As so ulten happens, the problem which first seemerd
quite simple has proved to be a complex one and the prinegpal diffu ultiechave been those which
we first dismissed as trivial Our plan has been to overcome these diftic ulties by concentrating
tirst upon relatively coarse rulings, for which there 1s consnlerable demand and, armed with
this expenency, to tackle the more formidable problems of producing the large gratings of
very high resolution .7

Even though it has become apparent that the gratings so produced so far
did not appear to be of sufficient quality, for most low resolution infrared spectro-
sCOPY, in comparison with gratings readily obtained by ordinary mechanical
engines, the gratings produced at NPL Ly the Merton process have proven to be
of an unexpected and very great importance in the use of gratings {or metro-
logical purposes. ,

Some of the advantages of metrological gratings are discussed in Sect. {0.
Extensive recent descriptions of the usc of munirefringes obtained with gratings,
in metrological applications are given by references [1017 to [108] in Sect. 70

Details of the NPL engine used to pnxdu e the primary helix for the Merton
process are shown in Fig. 181, according to Sayep™.

A mndel of the “Merton-nut " device used for producing an improved “secs
ondary” helix from the primary lathe-cut helix is shown in Fig. 18579

Interferograms  (Fig. 186) of carly gratings (tist-order, 7500 hnesiinch)
obtaincd in a Fizeau interferometer show the important improvement obtained,
as expected, by the use of the secondary helix ™.

o) The Siegbahh Nobel Institute for Phvsics engines. Professor SIEGRAHN'S
engines have for long been the primary source of the world’s most vutstanding
x-ray gratings. In fact, two engines are in suceessful operation at the Nobel In-

. A Savee: The preparation and industrial applications of diffragtion gratings.
Trans. Soc. Instrum. Techn § 138—~143 (1087}

" L. A SAvcE: The praduction of diffraction gratings. Eadeavour, {Uctober 1933).
Pp- 310216, ’
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stitute for Physics in Stockholm, ruling not only x-ray gratings, but other gratings
as well,

Twuorecent photographsofthe largevengine are shownin Fig. 186.A1 and 186.A2 *.

A recent description by Professor MANNE SikuBAHN of some of the character-

{ stics of the large engine, as well as of a smaller engine, (the smaler one being
used mostly for ruling of gratings for grazing incidence spectrometers follows),
In reference to the larger engine (Fig. 180.At and 186.A2), Professor S1EGBARN
writes:

“This machine gives (080 peoimm, or §3G respectively 360 if 2 respectively 3 cogs are
passed for every ruled Hae, The carnage can be moved over a distance of 250 mm. which then
corresponds to the maximum ruling width. This machine also has armagements for ruling
of gratings fro moiré purpssca in exatt milhimeter seale with 250, 100 and 50 lines pesfmm,

“The smaller ruling engine, mostiv used for ruling of gratings {or grazing invidence spectro-
meters is 1 some respects a stmphbied madel with a masximum ruling width of 120 mm and
a fundamental perind giving §76 hnes per/mm; with half cogs displacements it then gives 1152
lines per mm.” (MaANNE StEGBAHN, loc. Gt *),

Additional references to the important earlier contributions to grating ruling
made by SIEGBAHN and his associates are given in Sect. &2 (ref. 8), as well as
in the 1949 paper by G. R. Hagson (loc. cit, 29).

) Further grating improvements. New improvements o groove quality,
unportant reductions i stray hght and in scattered hght in gratings, and indeed
substantial improvement in grating quality and resolving power, especially at
short wavelengths, and important increase in ruling speeds should result from
full, three-dimensional interferometric servo-control of the ruling diamond itself.
Work towards this goal ix now under way at the University of Michigan, by
StroKE, DENTON and MoHLER according to a method proposed by MosLER and
STROKE **,

89. Grating replication. The wide use of high-resolution gratings and grating
spectrometers is due to a large part to the sucess in grating replication methods.
* MANNE SIEGBAMN. P'nivate commumcation to G W STROKE (June 29, 10964).
** O.C. Mourer and G % “rroxe: Proposed method of attaining greatly improved large

diifraction gratings by new :onciples of interferometric ruiing engine control. P'divate com-
munication to the U.S. Nauomal Aeronautics and Space Administration {October 1963).
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